Postmortem considerations for optimizing ultimate pork quality by Gardner, Matthew Alan
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2003 
Postmortem considerations for optimizing ultimate pork quality 
Matthew Alan Gardner 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Gardner, Matthew Alan, "Postmortem considerations for optimizing ultimate pork quality" (2003). 
Retrospective Theses and Dissertations. 19970. 
https://lib.dr.iastate.edu/rtd/19970 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Postmortem considerations for optimizing ultimate pork quality 
by 
Matthew Alan Gardner 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Meat Science 
Program of Study Committee: 
Steven Lonergan, Major Professor 
Dennis Marple 
Tom B aas 
Iowa State University 
Ames, Iowa 
2003 
Copyright ©Matthew Alan Gardner, 2003. All rights reserved. 
11 
Graduate College 
Iowa State University 
This is to certify that the master's thesis of 
Matthew Alan Gardner 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
TABLE OF CONTENTS 
GENERAL INTRODUCTION   1 
Thesis Organization   ..3 
Literature Cited   4 
REVIEW OF LITERATURE    5 
Basic Muscle Structure and Myofibrillar Proteins of Muscle   ..5 
Postmortem Muscle Metabolism   10 
Postmortem pH and Temperature Decline in Pork   .13 
Meat Quality  19 
Meat color   20 
Water-holding properties of meat  26 
Meat tenderness   ..33 
The Role of Harvest Processes in Determining Meat Quality  41 
Stunning    41 
Blood loss during exsanguination and the residual blood content of 
meat  44 
Hair removal  ....49 
Evisceration   .53 
Chilling   55 
Summary  58 
Literature Cited   59 
1V 
INFLUENCE OF HARVEST PROCESSES ON PORK LOIN AND HAM 
QUALITY  70 
Abstract  .70 
Introduction   ..71 
Materials and Methods   73 
Results and Discussion   82 
Conclusions   ....95 
Acknowledgements   .96 
Literature Cited   97 
EVALUATION OF POSTMORTEM CARCASS ATTRIBUTES TO PREDICT 
ULTIMATE PORK QUALITY  122 
Abstract  122 
Introduction  .123 
Materials and Methods  125 
Results  133 
Discussion  141 
Conclusions  .150 
Acknowledgements  150 
Literature Cited ....151 
GENERAL SUIVIlVIARY  ....169 
ACKNOWLEDGEMENTS   ..171 
1 
GENERAL INTROD[~CTIC3~N 
During the conversion of muscle to meat, biochemical anaerobic pathways convert 
glycogen to lactic acid. The accumulation of lactic acid during postmortem muscle 
metabolism results in a lowering of the muscle pH. The rate and extent of the pH decline 
greatly influences the overall quality of pork. A fast pH decline and a high muscle 
temperature early postmortem can Lead to an increase in protein denaturation, in turn 
increasing drip loss, while producing paler colored lean {Honikel and Kim, 1986). There are 
many factors that play a role in the pH decline in postmortem muscle. Genetic, nutritional, 
and handling decisions made by the producer can impact quality. With proper decision 
making practices, producers can ensure they are providing meat processors with consistent, 
high quality animals. It is then left in the hands of the slaughter facility to ensure this high 
quality is maintained. Several factors, including handling, the method of stunning and hair 
removals time to evisceration, and chilling of the carcass may play a role in the ultimate meat 
quality achieved at the slaughter facility. 
Wismer-Pedersen and Briskey (1961} stated that it is possible to produce pale, soft, 
and exudative (PSE) meat by delaying chilling and changes in muscle structure could be 
prevented in low pH tissue through rapid chilling. Time spent on the slaughter floor should 
be minimized, allowing carcasses to enter the chilling system as early postmortem as 
possible. Eilert (1997) stated that carcasses should be off the floor twenty to twenty-five 
minutes after stunning. Minimizing the time to evisceration will help remove heat from the 
carcass and allow earlier entry into the cooler. Reduction in the time to evisceration may be 
accomplished through minimizing bleed and scald times. Sosnicki (1998) suggested that a 
minimum of five minutes should be given for adequate bleeding of the carcass. A reduction 
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in this time may have negative economic effects for the plant if the amount of captured blood 
is severely reduced. An increase in scalding may lead to delayed cooling of the carcass. 
During "hard hair" season, scald times of up to nine minutes may be needed for adequate hair 
removal (van der Wal et al., 1993). Heat cannot be removed from a carcass even if a 
minimal rise in temperature occurs during scalding (van der Wal et al., 1993). This delay in 
heat removal during scalding may ultimately impact meat quality. 
In the processing plant, selection of pork prior to and during fabrication may be 
necessary for processing facilities to achieve maximal profits. Through selection procedures, 
processors can identify inferior and superior pork and utilize each type differently. 
Kauffman et al. (1993) examined the predictive value of measurements taken at forty-five 
minutes postmortem on color and water-holding properties in pork. The authors found pH 
was the only accurate predictor of quality, but was only accurate 52% of the time in grouping 
carcasses into the five quality categories used by the authors. Using a random sample of 
pork carcasses, van der Wal et al. (1995), predicted quality by early (forty-five minutes) and 
late (twenty and twenty-four hours) postmortem measures. The authors found pH at forty-
five minutes was a more accurate indicator of drip loss than light reflectance, but overall 
quality determination was strengthened with the addition of late postmortem measurements. 
Intermediate time points were not included in this study. It seems quality may be influenced 
by both late and early postmortem quality attributes. The addition of intermediate measures 
of pH and temperature may also aid in predicting the variation in quality. 
The hypothesis of the present study was delayed evisceration through an extension of 
bleed and scald times would result in faster glycolytic metabolism and higher carcass 
temperatures while on the slaughter floor. This should have negative effects on the color, 
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water-holding properties, and tenderness of meat. Postmortem attributes from this study will 
also be used to predict ultimate pork quality. 
Thesis Organization 
This thesis is organized to an alternate style format. It is arranged beginning with a 
general introduction, followed by a general review of literature, two publishable papers, and 
a concluding summary. References cited within each chapter are listed at the end of that 
chapter. The papers will be submitted to Meat Science. 
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REVIEW OF LITER.ATI;TRE 
Basic Muscle Structure and Myofibrillar Proteins of Muscle 
Muscle cells are formed prenatally by the fusion of myoblasts (McCormick, 1994). 
More than six hundred muscles, varied in size, shape, and function can be found in animals 
(Aberle et al., 2001). There are three basic types of adult muscle found in mammals, 
classified by their appearance and function. Smooth muscle is an involuntary type found in 
the viscera, blood vessels, lymph, and skin, and is associated with connective tissue. Cardiac 
muscle is found solely in the heart, is involuntary, and is striated in appearance (Cassens, 
1987). Skeletal muscle is the predominant muscle tissue found in mammals and accounts for 
forty percent of the weight of meals (Gull et al., 1984). Skeletal muscle is a voluntary, 
striated muscle (Cassens, 1987) and will be the focus for the rest of this section. 
A connective tissue layer known as the epimysium surrounds an entire skeletal 
muscle. If viewed through across-section of a -whole muscle, muscles are divided into 
bundles or muscle fibers. These muscle bundles run longitudinally with the length of the 
muscle and are surrounded by a connective tissue layer (perimysium), The size of muscle 
bundles will depend on the use of the muscle (Goll et al., 1984). Muscles used for 
locomotion, such as the semimembranosus, will have larger muscle bundles than muscles 
used for stabilization, such as the longissimus. Individual muscle fibers comprise the muscle 
bundles and are surrounded by a membrane known as the sarcolemma. The sarcolemma is 
encompassed by the endomysium, a connective tissue layer, and has elastic properties, which 
allow muscle fibers to change shape during contraction, relaxation, and stretching (Aberle et 
al., 2001). The muscle fibers are 10 — 100 µm in diameter, but can be millimeters or 
centimeters in length (~~IcCormick, 1994). Muscle fibers are multinucleated and the nuclei 
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lie at the surface of the fiber next to the sarcolemma (Cassens, 1987). Along with whole 
muscles, muscle fibers taper at both ends and the extent of tapering can be fifty percent (25% 
on each end) the total length of the fiber. These fibers or myofibers are packed with as many 
as 1,000 myofibrils, which account for eighty percent of the cell volume (Greaser, 1991). 
Myofibrils are 1 - 3µm in diameter and are aligned parallel to the long axis of the cell (Goll 
et al., 1984). Myofibrils are surrounded by the sarcoplasm or cytoplasm of the cell (Cassens, 
1987). The basic structure of a myofibril is shown below. 
Sarcomere 
A-band 
Z-line 
I-band 
H-zone 
r 
Thin filament 
Thick filament 
Myofibrils have alternating light and dark bands, which give muscles their striated 
appearance. The dark zone is referred to as the A-band, while the light zone is known as the 
I-band. I-bands are intersected by a Z-line and the structure from one Z-line to another is 
known as the sarcomere (Goll et al., 1984). The sarcomere is the repeating structural unit of 
the myofibril and is the site of contraction and relaxation within the myofibril (Aberle et al., 
2001). With the postmortem onset of rigor, sarcomeres contract to a fixed length. The length 
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of the sarcomere post-rigor is an important determinant in the tenderness of meat 
(McCormick, 1994). Contraction and relaxation occurs in muscle through the interaction of 
the thick and thin filaments within the myofibrils. The thick and thin filaments align parallel 
to one another and each other. The striated appearance of muscle is due to the overlapping of 
the thick and thin filaments, or the lack thereof in certain areas in the myofibril (Aberle et al., 
2001). Density of the myofibril will vary along the myofibril, as the center of the A-band 
(H-zone) is less dense than the remainder of the band due to the absence of the thin filaments 
(Huxley, 1958). When the thick and thin filaments do overlap, they are arranged in a 
hexagonal structure with one thin filament being surrounded by three thick filaments 
(Huxley, 1958). 
The thick filaments are mainly composed of myosin (Goll et al., 1984) and are 
normally 1.6 µm long and 150 ~ wide (McCornuck, 1994). Myosin has an asymmetrical, 
rod-like shape and consists of 6 polypeptide subunits (McCormick, 1994). There are 300 — 
400 myosin molecules per thick filament (McCormick, 1994). Myosin has a molecular 
weight of 520,000 (Robson et al., 1997) and accounts for one-fourth of the total protein 
found in muscle (Robson, 1995). The interaction between myosin and the thin filament 
proteins (mainly actin) is responsible for contraction and relaxation in muscle. Some of the 
important features of myosin include its ability to act as an enzyme that can split adenosine 
triphosphate (ATP) (Goll et al., 1984). ATPase activity is necessary for contraction and 
relaxation. This ATPase activity is inhibited by Mgt+, but is activated by Mgt+ when bound 
to actin. Myosin has two pear shaped heads, which are the sites of ATPase activity and 
where binding to actin occurs (Goll et al., 1984). 
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The thin filaments are primarily composed of actin (Goll et al., 1984), but also 
contain tropomyosin and troponin (McCormick, 1994). Actin is a globular protein composed 
of a single polypeptide chain (Bandmann, 1987) and has a molecular weight of 42,000 
(Robson, 1995). Actin has six binding sites and interacts with molecules through 
noncovalent interactions (McCormick, 1994). The interaction of actin and myosin during the 
onset of rigor forms the actomyosin complex, which is dissociated by ATP. The thin 
filament has a double helical structure, formed through two coiled strands of actin molecules 
wrapping around each other (McCormick, 1994). Tropomyosin binds to troponin in the 
presence of calcium and moves into the helical structure of actin. This movement allows 
myosin to interact with actin, resulting in muscle contraction (Goll et al., 1984). Troponin is 
the final main myofibrillar protein of the thin filament. It has a molecular weight of 69,000 
and has three subunits (Robson, 1995). Troponin-C is responsible for the reversible binding 
of calcium, necessary for contraction to occur (Goll et al., 1984). Troponin-I inhibits the 
interaction of myosin and actin through inhibition of the ATPase activity of myosin (Goll et 
al., 1984). The presence of tropomyosin will enhance this inhibition (Bandmann, 1987). 
Troponin-T, the largest subunit with a molecular weight of 37,000 (Robson, 1995), links to 
tropomyosin in the I-band of the myofibril (Goll et al., 1984). 
Several decades ago, H.E. Huxley (1958) introduced the sliding filament model to 
explain muscle contraction. Huxley stated that over various muscle lengths the distance of 
the A-band (thick filaments) remained constant. The length of the thin filaments also seemed 
to remain constant, but the H-zone did not. During contraction, the thick and thin filaments 
slide past each other, resulting in a reduction in the length of the H-zone. It is now known 
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that the interaction between the thick filament protein myosin and the thin filament proteins 
actin, tropomyosin, and the troponin subunits is responsible for this filament sliding. 
Integrity of muscle is maintained during contraction and relaxation, through the 
muscle cytoskeleton. The term muscle cytoskeleton is used to describe a system, which 
maintains overall muscle integrity through the maintenance of cell shape, connection of 
neighboring organelles to one another, and providing attachment to the cell membrane 
(Greaser, 1991). The muscle cytoskeleton is composed of three major filament groups: 
microfilaments, intermediate filaments, and microtubules (Greaser, 1991; Robson et al., 
1997). Some of the major myofibrillar proteins responsible for maintaining muscle integrity 
include titin, nebulin, and desmin. Titin and nebulin are very large proteins with molecular 
weights of 3,000,000 and 800,000, respectively, and extend the entire length of the sarcomere 
(Robson, 1995). Longitudinal structural maintenance is most likely due to titin and nebulin 
(Robson et al., 1997). Titin is an especially unique myofibrillar protein as it forms a third 
filament system, spanning from the Z-line to M-line along the sarcomere (Robson et al., 
1997). Nebulin extends parallel to the thin filaments and may aid in anchoring the thin 
filaments to the Z-line (Robson, 1995). Desmin is an intermediate filament protein with a 
molecular weight of 212,000 and contains four subunits which are 53,000 kDa each (Robson, 
1995). The intermediate filaments connect adjacent myofibrils together at the Z-line, 
resulting in maintenance of perpendicular structural integrity (Robson et al., 1997). Vinculin 
and talin are costameric proteins, which aid in connecting the muscle fibers to the 
sarcolemma. The intermediate filament and costameric proteins are responsible for 
maintaining lateral integrity of muscle. The degradation of the proteins involved in the 
muscle cytoskeleton will have a significant impact on postmortem muscle structure. 
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Postmortem proteolysis of these proteins may influence tenderness and water-holding 
properties of meat. 
Postmortem Muscle Metabolism 
ATP, adenosine diphosphate (ADP), and creatine phosphate are the only phosphate 
compounds that provide energy for muscle (Pearson, 1987). These phosphate compounds 
play an important role in producing meat from muscle tissue (Pearson, 1987). creatine 
phosphate is mainly a storage compound that can readily be used to generate ashort-term 
supply of ATP from ADP under intense activities (Faustmann, 1994). ATP is the main 
energy compound for muscle and can be produced through the oxidation of glucose, resulting 
in a production of carbon dioxide. Glucose is asix-carbon monosaccharide and is utilized in 
the first step of glycolysis (Berg et al., 2002). In muscle, glucose is mainly derived from the 
breakdown of glycogen (Pearson, 1987). Upon death of the animal, extracellular glucose 
will be depleted, leaving energy contained inside the muscle as the main sources for 
glycolysis to occur. Glycogen is the main energy source for postmortem muscle, therefore, 
the pH decline in the conversion of muscle to meat is dependent on the glycogen content of 
muscle (Pearson, 1987). Glycolysis is a sequence of reactions, which produce two molecules 
of pyruvate from one molecule of glucose. Glycolysis is an anaerobic metabolic process and 
it results in a net production of two molecules of ATP. 
The steps of glycolysis are listed below: 
Hexokinase 
Glucose 
ATP 
ADP 
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Glucose 6-Phosphate 
1 
Phosphoglucose 
Isomerase I 
Fructose 6-Phosphate 
Phosphofructokinase I ATP 
ADP 
Fructose 1,6-bisphosphate 
Aldolase 
Dihydroxyacetone phosphate H Glyceraldehyde 3-phosphate (2) 
Triose phosphate 
Isomerase Glyceraldehyde 
3 phosphate dehydrogenase 
P;, NAD+
NADH 
1,3-Bisphosphoglycerate (2) 
ADP 
Phosphoglycerate kinase 
ATP 
3-phosphoglycerate (2) 
Phosphoglycerate mutase 
2-phosphoglycerate (2) 
Enolase 
ATP ADP 
H2O 
Pyruvate (2)~ ~ Phosphoenolpyruvate (2) 
Pyruvate Kinase 
During glycolysis NAD+ is reduced to NADH. There is only a limited supply of 
NAD' in the cell, so it must be reproduced through metabolism of pyruvate (Berg et al., 
2002). The fate of pyruvate is three-fold. In the presence of oxygen, pyruvate will be 
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oxidized through the TCA cycle, resulting in significant energy production (ATP) for the 
cell. In the absence of oxygen, pyruvate will either be converted to ethanol or lactic acid. 
Ethanol formation occurs in yeasts and many other microorganisms. Lactic acid is produced 
in several microorganisms, but it is also formed in higher organisms when the oxygen supply 
is limited (Berg et al., 2002). This can occur during intense physical activity or when the 
circulatory system has shut down, as is the case in postmortem muscle metabolism. Under 
aerobic conditions, lactic acid will be transported to the liver via the circulatory system, 
where it can be converted to glucose through gluconeogenesis (Pearson, 1987). During the 
conversion of muscle to meat, glycolysis will continue resulting in a build up of lactic acid 
within muscle cells. Lactic acid cannot be removed by the circulatory system in postmortem 
musculature. The build up of lactic acid results in a lowering of the muscle pH and lactic 
acid accumulation continues until glycolysis ceases. 
Glycolysis stops due to the inhibition of three key enzymes. Phosphofructokinase, as 
it is involved in the first irreversible reaction unique to glycolysis, is the most important 
enzyme involved in glycolytic regulation (Berg et al., 2002). Phosphofructokinase is 
inhibited by high levels of ATP (Berg et al., 2002). With a high level of ATP already present 
in the cell, glycolysis would not be needed to create energy compounds and will slow down. 
Phosphofructokinase activity can also be inhibited by a decline of pH in the cell (Berg et al., 
2002). The enzyme hexokinase is inhibited by its product, glucose 6-phosphate (Berg et al., 
2002). A high level of glucose 6-phosphate in the cell signals glucose metabolism is not 
needed for energy production. Glucose 6-phosphate is always in a state of equilibrium with 
fructose 6-phosphate. The inhibition of phosphofructokinase leads to an increase in the 
amount of fructose 6-phosphate, in turn increasing glucose 6-phosphate. Therefore, the 
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inhibition of phosphofructokinase leads to an inhibition of hexokinase (Berg et al., 2002). 
High levels of ATP and the amino acid alanine inhibit the enzyme pyruvate kinase (Berg et 
al., 2002). Pyruvate kinase is involved in the final step of glycolysis, which yields ATP and 
pyruvate. 
ATP is necessary for the interaction of myosin and actin during contraction and the 
subsequent relaxation that follows. In postmortem muscle, ATP production ceases through 
glycolytic pathways, resulting in rigidity of muscles (Faustmann, 1994). As the level of ATP 
approaches zero, myosin will remain fixed to actin because ATP is needed for the 
dissociation of actin and myosin to occur. Therefore, irreversible cross-bridges are formed 
resulting in a loss of extensibility of muscle (Faustmann, 1994). The loss of extensibility is 
termed rigor. mortis, from a Latin term meaning "stiffness of death." 
Postmortem pH and Temperature Decline in Pork 
Meat from pork carcasses can be classified into quality groups based on postmortem 
pH values. This practice has commonly occurred for decades and lean pork meat can be 
assigned to one of four quality categories based on pH. For quality determination in pork, 
the rate as well as the extent of the pH decline is very important. The pH in meat is a 
logarithmic value, designated by the negative logarithm of the hydrogen ion concentration in 
the meat (Enfalt et al., 1993). Therefore, a pH value of 5.0 is ten times more acidic than 6.0. 
Normal pork is reddish-colored, arm textured, and is free of surface water (non-exudative). 
This type of meat is often called R:FN and is the most desirable of the categories from a 
processing and a consumer standpoint. Offer (1991) reported a model pH decline for normal 
pork would be approximately 0.01 units per minute. This type of pork would enter into rigor 
at approximately 2.5 hours postmortem (Offer, 1991). The model pH declines reported by 
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Offer (1991) are assumed to be linear, but in reality, the pH decline in postmortem 
musculature would only be linear for very short intervals. 
A rapid metabolism can result in meat that is pale, soft, and exudative (PSE). This 
type of meat is unattractive to the consumer and has low water-holding capabilities, leading 
to processing problems. A marginal case of PSE would have a pH decline double that of 
normal pork (0.02 units per minute) (Offer, 1991). This would give a postmortem pH value 
at forty-five minutes of 6.0, assuming the pH at slaughter was 7.0 (Offer, 1991). Aberle et al. 
(2001), however, reported the pH in living muscle to be 7.4. Also, Enfalt et al. (1993) stated 
the pH in muscle at exsanguination was lower for PSE meat than the other types. The 
authors stated a build up of lactic acid immediately before slaughter would result in lower pH 
values at slaughter. Therefore, the pH at slaughter appears to be somewhat variable and will 
not always be 7.0. The pH of meat at forty-five minutes postmortem is often used to separate 
normal and PSE meat (Homer and Matthews, 1998). 
Severe cases of PSE can enter into rigor at fifteen minutes postmortem and can have a 
pH decline ten times faster than normal pork (0.1 units per minute) (Offer, 1991). This rapid 
decline in postmortem pH will produce meat that has a very low value, due to the low 
processing capabilities and very pale color. Inversely, animals with only a slight decline in 
pH values due to depletion in muscle glycogen prior to slaughter will produce meat that is 
dark in color, firm in texture, and dry in appearance (DFD). The depletion of glycogen may 
be caused by a long fasting period, strenuous exercise, or stress through a long duration of 
transportation prior to slaughter (Bendall and Swatland, 1982). Longissimus and 
semimembranosus muscles can be classified as DFD if an ultimate pH (24 hours) is observed 
to be above 6.1 (Bendall and Swatland, 1982). The high ultimate pH produces meat that is 
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unattractive to consumers because of its dark color. Also, the high pH will be more favorable 
for bacterial growth resulting in a reduced shelf-life. The final pork quality group has meat 
with anormal-reddish color, but is soft textured and exudative (RSE). RSE meat has 
normally been associated with abnormally low ultimate pH values, but not elevated 
postmortem pH declines (Monin and Sellier, 1985). It is important to note that for simplicity 
sake only four categories of pork quality have been discussed. In reality, ultimate pork 
quality will be much more variable. For example, meat may become pale, but not necessarily 
soft and exudative. The quality categories discussed are merely the basic and most common 
forms of quality found within the pork industry. 
Genetics can play a major role in the rate and extent of postmortem pH decline and 
the determination of ultimate pork quality (for reviews see Baas and Mabry, 1998; Ellis et al., 
1999; Rosenvold and Andersen, 2003; Sellier and Monin, 1994). The two most studied 
genes and the most important from a meat quality standpoint are the Halothane and 
Rendement Napole genes. The Halothane gene causes malignant hyperthermia in response 
to stress or exposure to halothane (hence the name) gas (Rosenvold and Andersen, 2003). 
The gene is related to Porcine Stress Syndrome where the animal is not able to adapt to stress 
incurred during transportation, fighting, etc. (Baas and Mabry, 1998). This stress can lead to 
a sudden death of the animal. 
The occurrence of the Halothane gene increased in breeding populations as pork 
producers selected pigs for improved leanness. Carcasses from Halothane positive 
populations have less backfat and improved loin depth and percentage of lean muscle when 
compared to normal populations (Fabrega et al., 2002). The increased meat content in pork 
carcasses will be of poor quality, as the Halothane gene is often associated with PSE 
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conditions (Baas and Mabry, 1998; Rosenvold and Andersen, 2003). The Halothane gene is 
a mutation at chromosome 6 on nucleotide 1843 within the pig (Baas and Mabry, 1998). 
This mutation is responsible for encoding the isoform of the ryanodine receptor within the 
muscle (Rosenvold and Andersen, 2003 ). The mutation has been shown to dramatically 
increase the incidence of PSE pork (32.8% for carriers vs. 9.5% for non-carriers) (Fabrega et 
al., 2002). Meat from Halothane animals is often paler in color, has decreased water-holding 
properties (Fabrega et al., 2002; Hamilton et al., 2000; Monin and Sellier, 1985), lower 
ultimate pH values, and a more yellow color (Hamilton et al., 2000). Monin and Sellier 
(1985) reported the poor quality observed in meat from Halothane carriers is caused by rapid 
postmortem pH declines, resulting in protein denaturation. 
The Rendement Napole (RN-) gene is so named because carriers of this gene have 
been shown to have a reduced "Napole Yield" (Naveau, 1986 as cited by Sellier and Monin, 
1994). Napole yield is an indicator of the processing yields achieved from a French cured 
and cooked ham. The mutation from the RN- gene is a substitution (R200Q) in the PRKAG3 
gene. Amuscle-specific isoform of the regulatory y subunit of adenosine monophosphate-
activated protein kinase is encoded by the PRKAG3 gene (Milan et al., 2000). The mutation 
caused by the RN gene has been shown to cause abnormal glucose metabolism in yeasts, 
which includes increased glycogen storage (Milan et al., 2000}. 
In pork, the RN- gene is not limited to, but has mainly been associated with, the 
Hampshire breed which has been shown to have a higher glycolytic potential (increased 
levels of stored glycogen) than other breeds (Monin and Sellier, 1985). The higher glycolytic 
potential results in lower ultimate pH values for the Hampshire breed than other breeds (Baas 
and Mabry, 1998; Monin and Sellier, 1985). Bertram et al. (2000) reported the lower 
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ultimate pH values and higher myoglobin content characterized by the Hampshire breed 
helped to explain the common development of RSE conditions in meat from Hampshire pigs. 
RSE conditions can also be produced in Halothane populations (Cheap et al., 1998). 
The RN- gene has been reported to decrease water-holding abilities of meat and 
increase cooking losses (Ellis et al., 1999; Hamilton et a1., 2000; Lundstrom and Hansson, 
1996). However, Cheap et al. (1998) stated that poor harvesting conditions, along with 
genetic factors, could produce RSE conditions. Bertram et al. (2000) also reported 
eliminating the l~:N- gene would not totally reduce the variation seen in drip loss from Danish 
pig populations. Overall, it is recognized that the Halothane and RN- genes have detrimental 
effects on quality through the production of PSE and RSE conditions. Hamilton et al. (2000) 
reported the combination of the Halothane and RN~ genes had additive effects on meat 
quality. The combinatian of the two produced meat with lower ultimate pH values and 
increased paleness and drip loss when compared to each gene alone. It can be concluded that 
in order for pork producers to provide high quality pork, these genes must be eliminated from 
the present day breeding populations. 
For several decades, significant amounts of research have been conducted to reduce 
the variations seen in pH values and meat quality in pork. Homer and Matthews (1998) 
conducted a study throughout England and Scotland to determine the rate and extent of pH 
decline in several abattoirs. The authors found the mean pH value at forty-five minutes 
postmortem to be 6.39, with less than fifteen percent below 6.0. Ultimate pH ranged from 
5.54 in the summer to 5.75 in the winter with an average of 5.64 over all of the sampling 
times. The authors indicated that improvements through genetic selection, elimination of 
pre-slaughter stress, and optimization of post harvest conditions had reduced the amount of 
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variation in postmortem pH values compared to previous studies. The pH of meat, however, 
is not the only determinant in meat quality. 
Several authors have investigated the impact temperature has on pH and ultimate pork 
quality. Bendall and Wismer-Petersen (1962) stated that temperatures above 37 °C 
coinciding with pH values below 6.0 were important for meat quality considerations. 
Retaining meat at 37 °C has been shown to amplify the rapid pH decline in carcasses with an 
already low pH at one hour postmortem (Wismer-Pedersen and Briskey, 1961). Carcasses 
held at 40 °C for 4 hours (followed by 20 hours at 2 °C) were shown by Matsushima and 
Topel (1969) to have a significantly faster pH decline, more expressible moisture and paler 
colored lean than carcasses held at 2 °C for 24 hours. After 2 hours of storage, van der Wal 
and Eikelenboom (1984) reported that the pH of longissimus samples ranged from 5.49 to 6.2 
when held at temperatures of 42.5 °C and 25 °C, respectively. Klont et al. (1994) isolated 
muscle fiber strips from the semitendinosus and held them at 38, 40, or 42 °C. The authors 
found significantly higher pH values after sixty minutes for samples being held at 38 °C than 
those at 40 or 42 °C. K1ont et al. (1994) also found increasing temperatures from 3 8 to 42 °C 
caused the rate of pH decline to approximately double. 
The differences observed among pH values for separate holding temperatures are due 
to increased glycolysis at higher temperatures. Glycogen concentration has been shown to be 
significantly reduced after thirty and sixty minutes of storage for samples held at 38 and 40 
°C compared to those held at 42 °C (Klont et al., 1994). Also, samples stored at high 
temperatures (42.5 °C) will have significantly more lactic acid production at two hours 
postmortem than those held at low (25 °C) temperatures (van der Wal and Eikelenboom, 
1984). Accelerated chilling has also been reported to influence the rate of lactic acid 
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formation, but not the total amount of lactic acid formed (Wismer-Pedersen and Briskey, 
1961). Overall, a decrease in temperature by 1 °C will result in an eight percent slowed 
metabolic rate if carcass temperatures are between 38 and 42 °C (Klont et al., 1994). 
The temperature and pH conditions muscles encounter prior to rigor are the most 
important determinants of PSE meat (Offer, 1991 }. External temperatures, especially before 
rigor has set in, are of the utmost importance in determining pork quality, as pale and 
exudative meat has been produced through retention of body temperatures (Wismer-Pedersen 
and Briskey, 1961). Temperatures above 40 °C are not critical if the muscle pH is also above 
6.2, but below pH 5.9, temperatures above 35 °C have been shown to change muscle 
structure (Wismer-Pedersen and Briskey, 1961). 
Ultimately, the classification of pork into the previously mentioned quality categories 
will be driven by the relationship between the rate/extent of the pH/temperature decline in 
postmortem musculature. The relationship between pH and temperature will be determined 
by many antemortem and postmortem factors. The specific effects of pH and temperature on 
meat quality characteristics such as color, water-holding capabilities, and tenderness will be 
discussed in upcoming sections. 
Meat Quality 
Quality as defined by Webster's Ninth New Collegiate Dictionary is an "essential 
character", an "inherent feature", or a "degree of excellence". That definition can be 
expanded upon to give a definition of "a set of parameters used to meet one's specified 
needs." When thinking about meat quality, the specified needs for consumers and processors 
might be the palatability and processing characteristics of meat. The parameters for those 
needs may include, but are not limited to, color, tenderness, and water-holding capabilities of 
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meat. In order to maximize profits, pork producers today have compromised these quality 
characteristics. Lonergan et al. (2001b) reported that continued selection for economic traits 
such as leanness and feed efficiency has led to a decrease in these parameters. The next 
sections will focus on postmortem determination of these parameters and how they can be 
manipulated during the conversion of muscle to meat. 
Meat color 
Color is the first quality characteristic evaluated by consumers to distinguish between 
acceptable and unacceptable products (Xiong, 1999). Color, therefore, is an important 
attribute of fresh meat at the retail level. Color can be defined as the amount of radiant 
energy reflected or absorbed by a substance in the wavelength range that can be visualized by 
humans (Xiong, 1999). An object will be perceived as white if almost all of the light coming 
in contact with its surface is reflected. On the other hand, black objects almost completely 
absorb light (Lawless and Heymann, 1998). The color of fresh, uncooked meat will vary 
from almost white to very dark red among different species (AMSA, 1991). The overall 
color of an object will vary in athree-dimensional array; defined as hue, lightness, and 
saturation (Lawless and Heymann, 1998). Hue can be defined as the human perception of 
color, whether it is yellow, blue, green, red, etc. (Aberle et a1., 2001). Hue also describes 
how an object absorbs light at various wavelengths. For example, an object which absorbs 
long wavelengths, but reflects short wavelengths, will be perceived as blue (Lawless and 
Heymann, 1998). Lightness of a substance is due to the ratio of reflected and absorbed light, 
regardless of the wavelength (Lawless and Heymann, 1998). In this way, a white object will 
be distinguished from gray and black objects, depending on the amount of reflected and 
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absorbed light. Saturation (chroma) is a measure of the strength of color and may also be 
termed color intensity (AMSA, 1991). 
Variation in meat color occurs because of three main intrinsic and extrinsic factors. 
The intrinsic content of the heme pigments (myoglobin and hemoglobin) and extrinsic factors 
such as pH and temperature are sources for color variation. Lastly, the changing state of 
myoglobin (oxygenated or oxidized) within meat will vary its color throughout storage 
(Honikel, 1998). 
Hemoglobin and myoglobin are proteins found within the sarcoplasm in muscle and 
account for almost one hundred percent of the heme pigments found in meat. Myoglobin 
alone accounts for 90 — 95% of the heme pigments (Xiong, 1999). Myoglogin is responsible 
for supplying oxygen to muscle tissue. The content and relative state of myoglobin is mainly 
responsible for meat color (Renerre and Labadie, 1993). Hemoglobin is the main blood 
pigment and serves as the main oxygen transporter in blood. Hemoglobin only comprises 
approximately 5 —10% of the total heme pigments in meat and is only negligibly responsible 
for variations in meat color in properly bled carcasses. Therefore, this discussion will focus 
on myoglobin and its contribution to meat color. 
The amount of myoglobin found in muscle will depend on the animal species and 
age, function of the muscle, and nutrition level of the animal prior to death (Xiong, 1999). 
The bright, cherry-red appearance of beef cuts is due to the higher myoglobin content in beef 
than in paler cuts from pork and poultry species (Miller, 1994). Older animals have also 
been shown to have a higher myoglobin content resulting in darker colored lean (Miller, 
1994). The color of beef is used as a determinant of maturity during quality grading of beef 
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carcasses. Sex of the animal may also affect the content of heme pigments in meat. Warriss 
et al. (1990) found gilts had greater amounts of total heme pigments than barrows. 
Among animals from the same species, gender and of a similar age, variation in 
myoglobin between muscles can occur due to the function of a given muscle. Muscles 
extensively used for intense physical activity will require more oxygen than muscles used 
less extensively and will have a higher myoglobin content. The most recognizable example 
explaining this relationship is between light and dark meat from poultry (Miller, 1994). The 
dark meat from the legs has a higher myoglobin content than the white meat found in the 
breasts. 
Myoglobin has a molecular weight of 17,000 (Renerre, 1999) and consists of 153 
amino acid residues in a single polypeptide chain that encompasses a heme group (Berg et 
al., 2002). An iron atom is centrally located in the heme group and is the location for oxygen 
binding (Bandmann, 1987). The iron atom also binds to porphyrin at four positions and 
histidine at a fifth binding site (Renerre, 1999). Histidine binding has been proposed to 
stabilize the interaction between iron and oxygen (Bandmann, 1987). The sixth position on 
the iron atom is responsible for binding with oxygen. The binding of oxygen to iron changes 
the state of myoglobin and the color of meat (Renerre, 1999). 
Deoxymyoglobin is the state of myoglobin when iron is not bound to oxygen and the 
atom exists in the reduced state. Deoxymyoglobin produces a dull red or purplish color, 
which is found on the inside of intact muscles and under vacuum packaged conditions 
(Renerre and Labadie, 1993). Upon exposure to air, deoxymyoglobin becomes oxygenated 
as oxygen binds with iron in the heme group of myoglobin, resulting in a bright red color 
formation. This state of myoglobin is termed oxymyoglobin and is synonymous with fresh 
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meats (Renerre and Labadie, 1993). Packaged meat can exist in the oxymyoglobin state 
when placed under oxygen permeable films or in modified atmosphere packaging with 
greater than fifty percent oxygen (Renerre and Labadie, 1993). During storage, both 
oxymyoglobin and deoxymyoglobin can become oxidized, resulting in a formation of 
metmyoglobin, which produces a brown color (Renerre, 1999). 
The states of myoglobin and their relationship to one another are shown as follows: 
Fee+
Deoxymyoglobin 
Purple/deep red 
Oxidation (lose e ) 
+ oxygen 
- oxygen 
Reduction (gain e ) 
Fe3+
Metmyoglobin 
Brown/gray 
Fee+
 ~ Oxymyoglobin 
Bright red 
Oxidation (lose e ) 
The iron atom within the heme complex in myoglobin is oxidatively unstable. This 
instability results in discoloration of meat through the formation of metmyoglobin (Xiong, 
1999). Discoloration in meat will result in brown, tan, gray, green, or yellow color 
appearances (AMSA, 1991). The rate of metmyoglobin accumulation depends on various 
intrinsic and extrinsic factors. Muscle type, pH, animal age, breed, sex, and diet all can 
affect metmyoglobin formation in meat. Also, outside influences of temperature, oxygen 
availability, type of lighting, microbial growth, and method of packaging are also important 
determinants in the rate of discoloration (Renerre and Labadie, 1993). 
In general, a combination of heat and low pH will enhance myoglobin oxidation, 
resulting in paler colored meat (Renerre and Labadie, 1993). Oxidation of myoglobin 
increases as pH decreases. Meat with a low ultimate pH will have more potential for 
metmyoglobin formation during storage than meat at higher pH values (Renerre and Labadie, 
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1993). Discoloration of meat is also temperature dependent. Arise in temperature from 0 to 
10 °C will result in a two to five fold increase in the oxidation of myoglobin (Renerre and 
Labadie, 1993). However, a high temperature early postmortem combined with an increased 
glycolytic rate may decrease enzymatic activity involved in oxygen utilization, resulting in 
improved color stability (Renerre, 1999). Electrically stimulating beef carcasses to improve 
color is a practical use of this phenomenon. The stability of meat color in beef has been 
shown to be muscle dependent. The longissimus is one of the most stable muscles, with the 
gluteus medius and psoas major being the least stable. The semimembranosus is 
intermediate in color stability and the amount of metmyoglobin between muscles can range 
from twenty to fifty percent when placed in over wrapped packages (Renerre and Labadie, 
1993 ). 
Paleness in meat can be caused by rapid postmortem metabolism resulting in altered 
muscle structure. This alteration would result in an increase in extracellular water. The 
increased extracellular water will reflect more light, producing paler colored meat (Aberle et 
al., 2001). Paleness may also be due to refraction (Swatland, 2002) and light scattering 
(Offer et al ., 1989). When light is refracted by meat its original direction is altered, returning 
light to the meat surface and a pale color is produced (Swatland, 2002). Light scattering is 
caused by a formation of gaps between myofibrils. When myofibrils are in contact with each 
other light will be absorbed at the meat surface. Small gaps between myofibrils result in 
scattering of light and only a small amount of light will be absorbed by myoglobin (Offer et 
al ., 1989). Light scattering will be the greatest within the A-bands as the intermediate 
filaments between myofibrils will aid in maintaining structural integrity at the Z-lines (Offer 
et al., 1989). 
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For deternunation or measurement of meat color there are three necessary 
components. A source of light must be present along with an illuminated meat sample. A 
detector such as the eye and brain of a human or some type of instrument is also needed to 
quantify color (AMSA, 1991). Meat color can be measured with subjective assessments or 
through instrumental measurement. The published standards from the National Pork Board 
or Japanese color standards are accurate predictors of pork color. The standards range from 
pale gray to dark purple, on a scale from one (pale) to six (dark) (Van Oeckel et al., 1999). 
One of the most common instrumental measurements of color utilizes the three dimensional 
Hunter color scale. Through this scale, L*, a*, and b* values will be used to accurately 
depict the color of meat. L* values range from zero (black) to one hundred (white}. Hunter 
a* values measure the degree of redness (positive values) to the degree of greenness 
(negative values) in meat. Hunter b* values compare yellowness (positive) to blueness 
(negative) (AMSA, 1991). Brown coloring in meat is difficult to measure instrumentally, but 
is usually indicated by a lack of redness or a decrease in a* values (AMSA, 1991). Hue 
angle and saturation values can be calculated using a* and b* values. Hue is equal to the 
arctan of b*/a* and saturation equals (a*Z + b*2)'~ (Little, 1975). Regardless of the method of 
measurement, allowing samples to bloom is important for color deternunation. The color of 
meat becomes more saturated with an increase in bloom time as oxymyoglobin is increased 
in relation to deoxymyoglobin (Lindahl et al., 2001). In general, a minimum of one hour 
(preferably 2 hours) should be given for bloom time at a maximum temperature of 3 °C 
(Honikel, 1998). 
Warriss et al. (1990) found as total heme pigments increased, L* values and hue angle 
values decreased. Lindahl et al. (2001) reported the variation in L* values were mainly 
26 
determined by the fractions of metmyoglobin and oxymyoglobin. Total heme pigment 
content and the fraction of metmyoglobin were the most important factors affecting a* and 
hue angle variations. Variation in b* values was explained mostly by the fractions of 
deoxymyoglobin and oxymyoglobin. 
Water-holding properties of meat 
The water-holding capacity of meat was defined by van Laack (1999) as the "ability 
of meat to retain its water despite the application of force." Fresh meat is composed of 
approximately seventy-five percent water (Offer and Trinick, 1983). Drip losses from aone-
centimeter thick chop after two days of storage can range from two to ten percent (Offer and 
Knight, 1988b). Exudation from meat is unattractive and results in economic losses for meat 
processors. Drip from meat is red in appearance due to a high myoglobin content within the 
water (Offer and Knight, 1998b). Drip is considered to be unattractive by consumers at the 
retail level. Drip loss formation also results in a loss of the available protein from meat for 
consumers (Offer and Knight, 1988a). Meat that is unable to hold its own inherent moisture 
will not be able to absorb extra water and will lose more moisture during further processing 
and cooking, resulting in lower profits for meat processing companies. 
Water loss in meat can occur through evaporation, drip formation, and cooking (Offer 
and Knight, 1988a). Eighty-five percent of water in muscle exists intracellularly, commonly 
found between the thick and thin filaments within sarcomeres. The final fifteen percent is 
found outside of muscle fibers (van Laack, 1999). Myofibrils comprise approximately eighty 
percent of muscle, so changes in water-holding capabilities of meat are mainly influenced by 
changes occurring at the myofibrillar level (Offer and Knight, 1988a). The formation of drip 
is due to changes within the myofibrils in muscle will be the main focus of this discussion. 
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Within muscle, water is found in three forms. Bound water is tightly associated with 
myofibrillar proteins through hydrogen bonding and accounts for the smallest percentage of 
water in meat (Offer and Knight, 1988a). Water is a dipole, containing both partially charged 
positive and negative pole. These charged poles would be attracted to the oppositely charged 
ends on proteins within meat. The attraction between water and the proteins results in a tight 
bond formation. Very little water is tightly bound to myofibrillar proteins, but the myofibrils 
themselves are mostly responsible for holding water within meat (Offer and Knight, 1988a), 
This type of water can be termed constitutional water (Hamm, 1986). Water that exhibits a 
reduced mobility is known as interfacial water (Hamm, 1986). This form of water is found at 
the surface of proteins in multiple layers. Free water is the last form of water and is held in 
meat by weak forces. This form of water is also known as bulk water and is the most 
abundant form of water within the myofibril (Offer and Knight, 1988a). 
Offer and Knight (1988b) listed many factors which influence the percentage of drip 
loss in meat including: cutting of meat, size of meat pieces, time after slaughter, ultimate pH, 
rate of pH decline, rate of postmortem cooling, shortening of muscles at rigor, and forces 
applied during packaging. Intact carcasses mainly lose water through evaporation, not drip 
loss. Once the meat has been cut out of the carcass, drip loss occurs at the cut surfaces. 
Fluid in meat mainly moves parallel to muscle fibers (Offer and Knight, 1988b) until it 
reaches a cut surface where it exudes from the meat. The percentage of drip lost from meat 
will vary depending on the size of the meat piece. A small piece of meat will have a larger 
ratio of the cut surface area in relation to weight of the meat compared to a larger piece with 
the same cut surface area. A larger piece will, therefore, lose a smaller amount of drip on a 
percentage of weight basis. Time after slaughter is an important determinant in water-
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holding capacity because meat that has not yet entered into rigor will lose less moisture than 
post-rigor meat. The effects of rigor on meat will be discussed in more detail later in this 
section. Forces applied to meat during packaging may impact water loss if they are not 
uniformly applied to all meat surfaces (Offer and Knight, 1988b). It is unclear if vacuum 
packaging has a positive or negative influence on water loss in meat (Offer and Knight, 
1988b). Purge is the term associated with water lost under a vacuum environment (Aberle et 
al., 2001). 
Differences accounted for by ultimate pH (24 hours postmortem) in water-holding 
properties of meat have varied among studies. van Laack et al. (1994) reported ultimate pH 
alone accounted for twenty-four percent of the variation i,n drip, but Penny (1969) and 
Schafer et al. (2002) found ultimate pH only explained approximately two percent of the 
variation in drip loss. Rowe et al. (2001a) also found ultimate pH to have a significant 
negative correlation to drip loss (r = -0.329). Ultimate pH affects water-holding capacity 
through the electrostatic interactions between water and myofibrillar proteins. At a pH of 5.0 
to 5.1, meat will be between the isoelectric point of myosin (5.4) and actin (4.7), the major 
proteins within the myofibril (Wismer-Pedersen, 1987). At this pH, the number of positively 
and negatively charged groups on the proteins will be equal (Hamm, 1994). Therefore, the 
proteins will have a net charge of zero and will be unables to bind to the partially charged 
poles of water. When the pH is above 5.0, myofibrillaz proteins on the thick and thin 
filaments will have a net negative chazge. In the pH range from 5.0 to 6.5, a rise in pH will 
result in a release of protons from the basic amino acid group histidine within the 
myofibrillar proteins (Hamm, 1994). The negatively charged proteins will repel each other 
between the two filaments and the myofibril will swell (Offer and Trinick, 1983). The 
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swelled myofibrils will allow more space for water to exi;~t intracellularly and the negatively 
charged proteins will bind to water resulting in an increase in water-holding capacity. 
During the postmortem conversion of muscle to rrieat, the lowering of pH within the 
muscle will result in shrinkage of the myofibrils. Offer and Trinick (1983) reported a 
reduction in pH from 7.0 to 5.0 would result in fifteen percent shrinkage of myofibrils within 
muscle. Shrinkage of the myofibrils is due to a reduction in the electrostatic forces between 
the thick and thin filaments (Offer and Knight, 1988b). The formation of cross-bridges 
between actin and myosin during rigor will result in sarcomere and myofibril shortening 
(Offer and Knight, 1988b). Filament spacing will also be- reduced by 4.4% during rigor (van 
Laack, 1999). In beef samples, Offer and Cousins (1992) found gaps between fiber bundles 
appeared from four to six hours postmortem. At twenty-four hours postmortem, gaps 
between muscle fibers occurred. This gap formation is d~~e to postmortem shrinkage of the 
myofibrils. Two extracellular areas around the perimysia.I and endomysial networks are 
formed and this is the location of extracellular postmortem water accumulation (Offer et al., 
1989). Honikel et al. (1986} studied the effects of sarco~riere shortening on drip loss in 
bovine and porcine muscles. The authors found a linear relationship existed between the 
degree of sarcomere shortening and drip loss. Prior to rigor onset, muscle volume will 
remain unchanged during contraction and relaxation. During rigor development, muscle 
fibers will decrease in diameter and the size of the extracf;llular space will increase (Offer 
and Cousins, 1992). Therefore, the degree of postmorter~i sarcomere shortening will be 
directly related to the release of water into the extracellul;ar space (Honikel et al., 1986). 
Schafer et al. (2002) reported the amount of extracellular space accounted for thirty-nine 
percent of the variation in drip loss. Similarly, Penny (1977) reported as drip loss increased, 
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extracellular space increased. Offer and Cousins (1992) reported the main source of drip in 
beef was the fluid between bundles, but Schafer et al. (201)2) showed the area between fibers 
to be more important for explaining drip loss in pork. It i;s important to remember gap 
formation will occur much earlier in pork than reported b:y Offer and Cousins (1992) using 
beef samples. Pork will enter into rigor at an earlier time postmortem, so myofibrillar 
shrinkage is faster for pork (Offer et al., 1989). 
Myofibrils from PSE meat will shrink twice as ml~ch when compared to myofibrils 
from normal meat (Offer et al., 1989). PSE meat has a rapid pH fall, which will lead to 
denaturation of myofibrillar proteins (Offer and Knight, 1.988b). In extreme cases of PSE 
(pH at forty-five minutes of 5.3), forty-five percent of myosin will be denatured. Myosin 
denaturation leads to a loss of ATPase activity and shrinkage of the heads on myosin (Offer 
and Knight, 1988b). At a pH of 6.0 and a carcass temperature of 35 °C maintained for five to 
ten minutes, myosin heads will shrink from nineteen to sE;venteen nm. (Offer et al., 1989). 
Deng et al. (2002) indicated myosin heads are the most s~;nsitive to temperature fluctuations, 
while myosin tails and sarcoplasmic proteins are more sensitive to changes in pH. The 
authors also stated the denaturation of myosin tads and s~~rcoplasmic proteins may be the 
cause of decreased water-holding capabilities in RN~ carriers. Shrinkage of the myosin 
molecule will draw thick and thin filaments closer together at rigor, expelling water from the 
myofibril. With the onset of rigor, myosin will be protected from denaturation through bond 
formation with actin (Offer, 1991). Therefore, the rate oi- the pH and temperature declines 
prior to rigor will significantly influence water-holding capacity of meat. 
Penny (1969) found protein denaturation (measured by extractability) occurring early 
postmortem because of a rapid pH decline (< 5.9 at 90 minutes postmortem), explained 
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82.4% of the variation in drip loss. Similarly, Schafer et al. (2002) reported pH 
measurements up to two hours postmortem accounted for 83% of the variation in drip. 
Warriss and Brown (1987) and van Laack et al. (1994) found a biphasic relationship existed 
between muscle postmortem pH at forty-five minutes and water-holding capacity. Above 6.1 
in the Warriss and Brown (1987) study and 5.9 in the van Laack et al. (1994) study, the pH at 
forty-five minutes had a significant effect on water-holding capacity. Below these values, 
however, forty-five minute pH had little effect on water-holding capacity. Watriss and 
Brown (1987) also reported samples with pH values of 6.6 versus 6.1 at forty-five minutes 
had two-thirds less drip loss. Lonergan et al. (2001b) found pH values at forty-five minutes 
postmortem were significantly correlated to drip loss after one day of storage, but not at later 
times. Ultimate pH (twenty-four hours) was correlated to drip loss at two and three days of 
storage, but not at one day. The authors indicated an increase in the pH decline may also 
cause more accumulation of water within extracellular compartments, resulting in greater 
drip loss at day one. On the other hand, lower ultimate pH values would reduce the 
electrostatic interactions between myofibrillar proteins and water, resulting in greater water 
loss at later time points. 
Postmortem muscle temperature also impacts water-holding capacity. Penny (1977) 
showed longissimus samples held for twenty-four hours at 10, 20, or 25 °C produced drip 
losses of 1.3, 4.0, and 6.4%, respectively. Bendall and Wismer-Pedersen (1962) reported 
watery conditions in meat could be produced by allowing meat to enter into rigor at 37 to 41 
°C or holding meat for two hours postmortem at 33 °C. Although sarcoplasmic proteins are 
only slightly responsible for water-holding capacity (van Laack, 1999), van der Wal and 
Eikelenboom (1984) reported higher temperatures during the first two hours postmortem 
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decreased protein solubility (measured as transmittance of protein extracts at 600 nm), 
resulting in increased drip loss. Loss of protein solubility is an indicator of protein 
denaturation. Denaturation of sarcoplasmic proteins should also correlate well to 
denaturation of myosin and other myofibrillar proteins, which are more responsible for 
water-holding properties. The rate of heat removal from 40 to 20 °C was concluded by 
Wismer-Pedersen and Briskey (1961) to be the most important deternunant in water-holding 
capacity. Offer (1991) stated that cooling carcasses resulted in a reduced rate of pH fall and 
myosin denaturation. It is important to note that the rate of cooling will have a limited effect 
on myosin denaturation in rapid glycolysing muscles (Offer and Knight, 1988b). On the 
other hand, slow glycolysing muscles are more susceptible to myosin denaturation if left 
unchilled (Offer, 1991). 
During the postmortem storage of meat, it has been hypothesized (Kristensen and 
Purslow, 2001) that water-holding capacity of meat can be increased due to degradation of 
the muscle cytoskeleton. In particular, degradation of the intermediate filament desmin and 
costameric proteins vinculin and talin could allow for more water to exist in the intracellular 
compartments. Desmin connects adjacent myofibrils around the Z-line and vinculin and talin 
are responsible for connecting the fibers to the sazcolemma. Postmortem proteolysis will 
interrupt these connections and reduce fiber shrinkage caused by rigor onset and protein 
denaturation, resulting in a movement of water intracellularly from the extracellular 
compartments. Rowe et al. (2001a) and Kristensen and Purslow (2001) both reported desmin 
degradation was correlated to postmortem water-holding capacity. Kristensen and Purslow, 
2001 also showed the degradation of vinculin and talin to be related to water-holding 
properties of meat throughout storage. Schafer et al. (2002) did not find a significant 
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correlation between degradation of desmin and vinculin and water-holding capacity. In this 
study, protein degradation was not measured after twenty-four hours postmortem. The 
evidence from this study suggest desmin degradation will be related to water-holding 
properties in meat when sufficient storage of samples has been given to allow for proteolysis 
and water movement to occur. 
Meat tenderness 
The tenderness level of meat is influenced by collagen content, the degree of 
toughening through sarcomere shortening, and the rate and extent of postmortem 
tenderization. Unlike the other two, the degree to which connective tissue or collagen 
impacts tenderness is unaffected by postmortem factors. As previously discussed, connective 
tissue layers surround entire muscles, muscle bundles, and individual muscle fibers. These 
layers can influence the overall tenderness of meat. The Level to which connective tissue 
influences tenderness is dependent upon the amount of collagen present in the tissue and the 
degree of cross-link formation that has occurred within collagen (Xiong, 1999). The amount 
of connective tissue is muscle dependent. wheeler et al. (2000) reported the biceps brachii 
contained the most connective tissue, while the semitendinosus, triceps brachii, and 
longissimus contained the least, with the semimembranosus being intermediate in the 
comparison. In general, connective tissue content will depend on the function of the muscle. 
Locomotive muscles, i.e. from the ham and shoulder have more connective tissue than 
support muscles, such as the longissimus (Xiong, 1999). To ensure strength and 
functionality of connective tissue is maintained in live animals, collagen molecules form 
cross-links to form an insoluble collagen fiber (:McCormick and Phillips, 1999). As animals 
age, the cross-links of collagen become more insoluble. Older animals, therefore, will have 
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tougher meat than younger animals (Xiong, 1999). Huff and Parrish, Jr. (1993) estimated 
insoluble collagen was higher in older beef animals through sensory evaluation (determined 
by "mealiness") than younger animals. Warner-Bratzler shear force values were also higher 
for older animals. Variation in pork tenderness is determined to a lesser extent by the 
insolubility of collagen than beef animals due to the younger physiological age at slaughter 
for pork animals c-ompared to beef animals. 
Wheeler et al. (2000) identified sarcomere length as the most important determinant 
in tenderness among various pork muscles. In this study, muscles with sarcomere lengths 
greater than 2µm were determined to be tender by sensory analysis, regardless of the amount 
of collagen within the muscle. At the onset of rigor, binding of actin and myosin will result 
in sarcomere shortening (Offer and Knight, 1988b). This is known as rigor shortening. 
Koohmaraie et aI. (1996) reported i_ncreased toughness due to postmortem sarcomere 
shortening during rigor development could be prevented. In the study, the authors did not 
allow the sarcomeres in lamb longissimus muscles to shorten by clamping muscles at various 
Locations. The authors concluded that an increase in postmortem meat toughness is due to 
sarcomere shortening at the onset of rigor. Wheeler and Koohmaraie (1994} found 
sarcomeres in lamb muscle shortened from 2.24 µm at slaughter to 1.69 µm post-rigor. 
Subsequently, Warner-Bratzler shear force values increased from 5.07 kg at slaughter to 8.66 
kg after rigor was complete. As discussed in the water-holding capacity section, shortening 
of sarcomeres will also occur through rapid postmortem metabolism, resulting in an increase 
in myosin denaturation. Through postmortem chilling, a phenomenon known as cold 
shortening can be induced in meat. Cold shortening is observed when actomyosin formation 
occurs at rigor and muscle temperatures have fallen below 15 °C (Aberle et al., 2001). Using 
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beef samples, Locker and Hagyard {1963) studied the effects various muscle temperatures 
(from 0 to 37 °C) had on sarcomere shortening at rigor. The authors found that at 0 °C 
sarcomeres were shortened by 47.7%. Similarly, Honikel et al. (1986) reported beef 
sarcomeres held at 0 °C shortened by approximately fifty percent when the pH was below 
6.2. Locker and Hagyard (1963) found a minimum (10%) of shortening was found between 
temperatures of 14 and 19 °C. Honikel et al. (1986) found a minimum amount of sarcomere 
shortening in beef muscles occurred between 6 and 12 °C and at 12 °C in pork. Above 19 °C, 
shortening in beef is increased, but there is significantly more variation in sarcomere length 
above 25 °C than at lower temperatures (Locker and Hagyard, 1963). Also, the authors 
found temperatures between 37 and 43 °C caused sarcomeres to shorten by approximately 
thirty percent. Honikel et al. (1986) found the effect high temperatures (30 and 3 8 °C) had on 
sarcomere shortening was dependent on pH values. In combination with a high temperature 
and pH below 5.9, beef sarcomeres shortened by fifty percent. In pork, sarcomeres were 
shown to extensively shorten when pH was below 6.2 and temperature was above 15 °C 
(Honikel et al., 1986). This shortening at high temperatures may have been due to increased 
myosin denaturation (Offer, 1991). 
Iversen et al. (1995) removed pork longissimus samples at one and six hours 
postmortem and immersed them in ice water to study the effects chilling had on sarcomere 
length and tenderness. The authors found samples removed at one and six hours had 
significantly shorter sarcomeres than control samples chilled at 12 to 14 °C for ninety 
minutes and then 2 °C until twenty-four hours postmortem. During storage for seven days, 
samples removed at one hour only experienced a 7.3% improvement in Warner-Bratzler 
shear force values, while six hour samples improved by 24.5%. After twenty-four hours 
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postmortem, Wheeler and Koohmaraie (1994) found sarcomeres increased in length from 
1.69 µm at day one to 1.9 µm at fourteen days postmortem. Warner-Bratzler shear force 
values also decreased from day one (8.66 kg) to day fourteen (3.10 kg) postmortem. 
Therefore, the authors concluded that the shortening of sarcomeres during the onset of rigor 
could be overcome by postmortem tenderization resulting in increased tenderness during 
storage. 
Taylor et al. (1995) identified three key events, which lead to postmortem 
tenderization of meat. The first event involves weakening of the actin/myosin complex 
formed during rigor. It is unclear the degree to which this affects tenderness, but Wheeler 
and Koohmaraie (1994) did show sarcomere lengths increased after twenty-four hours 
postmortem in lamb. Postmortem tenderization is hypothesized to be due to proteolysis of 
myofibrillar proteins, which aze responsible for maintaining integrity of the structural 
compartments of the myofibrils (Koohmaraie, 1995; Koohmaraie et al., 2002). Taylor et al. 
(1995) identified two main areas for loss of structural integrity. Through the loosening and 
disruption of connections between thin filaments within the Z-line line and I-band and the 
disruption of costameric connections and intermediate ~Iaments, structural integrity of 
muscle would be reduced. Overall, postrnortem tenderization is not caused by the 
degradation of only one single protein, but degradation of several that are responsible for 
maintaining structural integrity (Huff-Lonergan et al., 1996). Weakening of the connection 
between thin filaments is most likely due to degradation of titin and nebulin (Taylor et al., 
1995). Finally, disruptions in costameric connections and intermediate filaments resulting 
from degradation of vinculin and desmin would lead to postmortem tenderization. 
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Postmortem degradation of titin and nebulin has been previously shown by several 
authors (Huff-Lonergan et al., 1995, 1996; Taylor et al., 1995). Huff-Lonergan et al. (1995 
and 1996) reported titin and nebulin degraded faster in more tender beef samples than 
tougher ones. Nebulin is more susceptible to degradation than titin (Huff-Lonergan et al., 
1996) and has been shown to be completely degraded by seven days postmortem regardless 
of tenderness characteristics (Huff-Lonergan et al., 1995). Titin spans longitudinally, half the 
length of the sarcomere and postmortem degradation would result in a loss of structural 
integrity in that direction. Nebulin connects the ends of the thin filaments to the Z-line and 
postmortem degradation of nebulin would weaken the linkage between the two (Huff- 
Lonergan et al ., 1996). 
Early work conducted by MacBride and Parrish (1977) found an appearance of a 30 
kDa protein band on SDS-PAGE gels in tender, but not in tough meat at day one 
postmortem. Koohmaraie et al. (1984b) saw a gradual disappearance of troponin-T, in 
conjunction with an appearance of the 30 kDa band. Koohmaraie et al. (1984a) found similar 
results in control beef muscles and cold-shortened muscles during ten days of storage. Ho et 
al. (1994) identified the 30 kDa band as the degradation product of troponin-T. An 
appearance of a 28 kDa band has also been shown to be a further degradation product of 
troponin-T (Huff-Lonergan et al., 1996). Appearance of the 28 and 30 kDa bands was not 
prominently recognized until seven and fourteen days postmortem, respectively (Huff- 
Lonergan et al., 1996). The appearance of the 30 kDa band and therefore, degradation of 
troponin-T, has been used as an indicator for overall proteolysis (Lonergan et al., 2001a). 
Degradation of this protein may lead to a loss of structural integrity through a weakening of 
the thin filaments (Ho et al., 1994; Huff-Lonergan et al., 1996; Taylor et a1., 1995). 
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Desmin is an intermediate filament protein that is responsible for lateral linkages of 
myofibrils at the Z-line. Huff-Lonergan et al. (1996) found desmin was degraded 
postmortem. Degradation of desmin and costameric proteins such as vinculin can serve as 
overall indicators of proteolysis. Tenderization of meat may also occur because of the 
degradation of these proteins, resulting in a loss of lateral structural integrity among 
myofibrils and between myofibrils and the sarcolemma. 
The proteolysis of myofibrillar proteins is likely caused by a family of cysteine 
proteases, which are dependent upon calcium for activation. These proteases are known as 
calpains. There are two ubiquitous isoforms of calpain found within cells of vertebrate 
animals (Huff-Lonergan and Lonergan, 1999). µ-calpain and m-calpain are named for the 
amount of calcium needed to reach their half maximal activity. µ-calpain requires 5-65 µM 
calcium, while m-calpain requires 300-1000 µM calcium for half maximal activity (Huff- 
Lonergan and Lonergan, 1999). Postmortem autolysis (self-degradation) lowers the calcium 
requirements for activity (Kapprell and Goll, 1989). The calpains are located intracellularly, 
mainly within myofibrils, mitochondria, and nuclei within skeletal muscle (Huff-Lonergan 
and Lonergan, 1999). Studies have shown µ-calpain is responsible for postmortem 
degradation of several myofibrillar proteins, but not myosin or actin. Huff-Lonergan et al. 
(1996) reported µ-calpain degraded five myo~brillar proteins (titin, nebulin, troponin-T, 
desmin, and filamin) under conditions similar to those found in postmortem musculature. 
Regulation of proteolysis is caused by inhibition of the calpains by calpastatin (Huff- 
Lonergan and Lonergan, 1999; Lonergan et al., 2001a). Geesink and Koohmaraie (1999) 
found increasing the level of calpastatin affected the rate and extent of postmortem 
proteolysis through inhibition of µ-calpain. Similarly, Lonergan et al. (2001a) reported beef 
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with higher calpastatin activity demonstrated a reduced rate and extent of myofibrillar protein 
degradation and increased meat toughness (measured by Warner-Bratzler shear force). The 
postmortem conditions experienced in meat will ultimately affect the activity of calpains and 
their inhibition by calpastatin. Koohmaraie et al. (1986) reported calcium-activated factor 
(now referred to as calpain) retained twenty-four and twenty-eight percent of its maximal 
activity under conditions similar to those found in postmortem muscle (pH of 5.5 and 5.8, 
respectively with a temperature of 5 °C). The authors also found that under these conditions 
the presence of desmin and troponin-T disappeared on a SDS-PAGE system, but no 
differences were found for actin and myosin. Activity of µ-calpain occurs very early 
postmortem before the pH of muscle drops below 6.1 (Hopkins and Thompson, 2002). The 
activity of µ-calpain and calpastatin has been reported to decrease during postmortem aging 
(Ilian et al., 2001; Lonergan et al., 2001a; Rhee and Kim, 2001). Activity of m-calpain, 
however, is relatively unchanged during storage (Ilian et al., 2001). Due to the decreased 
activity during storage, it has been hypothesized that the activity of µ-calpain is mainly 
responsible for the postmortem proteolysis of myofibrillar proteins and not m-calpain. 
In a study by Claeys et al. (2001), it was reported that significantly lower levels of µ- 
calpain activity (at three hours postmortem) were found in muscle from animals that were 
selected for leanness (LEAN) compazed to animals selected for daily gain (GROWTH). The 
difference in µ-calpain was attributed to pH differences. At one hour postmortem, LEAN 
animals had a mean pH of 5.71 in the longissimus, while GROWTH animals had a pH value 
of 6.32. Hwang and Thompson (2001) reported that rapid glycolysis resulted in reduced µ- 
calpain activity at four hours postmortem. Rhee and Kim (2001) concluded that µ-calpain 
was autolyzed and_denatured as a result of rapid glycolysis, resulting in a loss of activity 
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early postmortem. Rowe et al. (2001b) found porcine longissimus samples with higher pH 
values at two and twenty-four hours postmortem had less extensive autolysis than samples 
with lower pH values. The authors concluded that µ-calpain autolysis was related to pH 
decline and slightly lower pH values early postmortem accelerated the activation of µ- 
calpain. Temperature can also affect µ-calpain and calpastatin activity. Rhee and Kim 
(2001) found bovine samples held at 30 °C had a significantly lower µ-calpain and 
calpastatin activity than samples held at 2 °C. The authors found µ-calpain and calpastatin 
activity to be significantly correlated to temperature (r = 0.741 and 0.704, respectively). 
Geesink and Koohmaraie reported that pH differences only slightly influenced the inhibition 
of calpains in the range of 5.7 to 7.0. Hwang and Thompson (2001) implied from their data 
that calpastatin was much less susceptible to influences in postmortem conditions of pH and 
temperature. 
The effects collagen content and sarcomere length have on meat tenderness should be 
minimal within similar animals that undergo similar postmortem conditions. Post-rigor 
proteolysis of myofibrillar proteins by µ-calpain will cause a reverse in toughness caused by 
sarcomere shortening (Hopkins and Thompson, 2002). The extent and rate of tenderization 
through proteolysis will result in variations in tenderness between species and between 
different muscles within species. The rate of tenderization has been shown to be twice as
rapid in pork muscles than beef, as fifty percent occurs within two days postmortem 
(Dransfield et al., 1981). The rate of tenderization may be different between species due to 
caipastatin activity. Koohmaraie et al. (1991) reported pork had thirty-eight and sixty-four 
percent less calpastatin activity than lamb and beef, respectively. 
41 
The effects connective tissue, sarcomere length, and proteolysis have on the 
toughness or tenderness of meat has been discussed. The importance of each is muscle 
dependent (Koohmaraie et al., 2002). In the psoas major, the sarcomere length is the most 
important determinant in tenderness, while the rate of proteolysis is the most important 
determinant in the longissimus. ~n the other hand, the amount of connective tissue accounts 
for the most variation in tenderness within the biceps femoris and semimembranosus 
(Koohmaraie et al., 2002). 
The Role of Harvest Processes in Determining Meat Quality 
Antemortem factors such as genetics, nutrition, length of transportation to slaughter, 
lairage duration, and handling on-farm and at the harvest facility (for a review, see 
Rosenvold and Andersen, 2003) will play a role in the quality of meat placed on consumers' 
tables. The present review, however, will examine the effects of slaughter and post-slaughter 
decisions on meat quality. As previously mentioned, selection for leanness and feed 
efficiency by pork producers can lead to a decrease in overall pork quality (Lonergan et ai., 
2001b). If producers are able to provide a consistent, high level of pork quality it will then 
be left in the hands of harvest facilities to ensure the level of quality leaving the plant is equal 
to the level that entered the plant. Poor decisions made at stunning, sticking, hasr removal, 
evisceration, and chilling can negatively impact meat quality and economic profits. Proper 
decisions and time management on the slaughter floor will lead to a maximal level of meat 
quality being produced. 
Stunning 
The aim of stunning meat animals is to induce a state where the animal will be 
unresponsive to pain when sticking and eventually, death occurs. Three main requirements 
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must be met to ensure stunning systems are operating humanely (Gregory, 1985). First of all, 
the animal must be stunned immediately and secondly, this stunned state must be maintained 
until death of the animal occurs. Finally, stunning should be painless and not cause 
unnecessary stress on the animal (Gregory, 1985). There are several types of stunning 
methods used throughout the world. Captive bolt, electrical, and carbon dioxide stunning are 
the most common types. Captive bolt stunning passes a rod or bolt-like structure into an 
animal's brain to induce unconsciousness, but is rarely used in the pork industry. With 
carbon dioxide stunning, animals are moved into an environment rich in carbon dioxide, 
inducing unconsciousness as a result of lack of oxygen. Historically, carbon dioxide 
stunning was more prevalent in Europe than in the United States, where almost all pork 
operations utilized a type of electrical stunning. However, carbon dioxide stunning has 
become more frequently used within the United States. 
Electrical stunning utilizes electrodes, which pass a current through an animal's brain, 
resulting in abnormal brain function (Fetch, 2001). The electrodes can be placed only on the 
head, on the head and back, head and sternum, or head and the side of the body. While head 
only stunning passes electrical current through the brain, the other three electrode placements 
result in passage of the current to the brain and the heart. In these systems, cardiac arrest will 
occur, stopping blood circulation. Animals will eventually recover from head only stunning, 
but not from the other electrical stunning procedures (Fetch, 2001). 
Placement of the electrodes will impact the cardiac activity of the animal and meat 
quality. Channon et al. (2002) examined the effects of head only or head to sternum stunning 
on meat quality. The authors found animals stunned by head to sternum electrodes had lower 
pH values in the longissimus (between the fifth and sixth vertebrae) at forty minutes and 
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three and six hours postmortem. Head to sternum stunning also resulted in more drip loss 
and higher L* values in the longissimus, but tenderness was increased when compared to 
head only stunning. 
Independent of electrode placement, two phases of physical activity follow electrical 
stunning. The tonic phase is synonymous with rigidity of the animal (Gregory, 1985) and 
breathing will stop during this first phase (Petch, 2001). The tonic phase will last 
approximately twelve seconds and will be followed by the clonic phase. The animal will 
make kicking motions during this phase for fifteen to forty-five seconds (Fetch, 2001). For 
employee safety considerations, sticking the animal should occur during the tonic phase 
(Gregory, 1985). These safety concerns can be avoided through the implementation of 
carbon dioxide stunning, as pigs stunned by carbon diode remain relaxed after stunning. 
Carbon dioxide stunning may also be a way to improve meat quality. Higher postmortem pH 
values from forty minutes up to six (Channon et al., 2002) and twenty-four hours (Channon 
et al., 2000) in the longissimus have been found for carbon dioxide when compared to 
electrical stunning. Carbon dioxide stunning resulted in less drip loss from the longissimus 
in both studies and lower L* values of the longissimus when compared to head to sternum 
electrical stunning (Channon et al., 2002). Hambrecht et al. (2003), however, found an 
abattoir using carbon dioxide stunning produced poorer quality meat than two plants with 
electrical stunning. The authors concluded that carbon dioxide stunning may not result in 
improved meat color and water-holding capabilities. On the other hand, carbon dioxide 
stunning has been shown to reduce the incidence of ecchymosis @lood splash) (Channon et 
al., 2000; Channon et al., 2002) resulting in less trim loss on the fabrication floor. 
Ecchymosis occurs because of stress applied during stunning, which results in 
damage to capillary structure, producing spots of blood in the lean meat tissue (Berg, 1998). 
Also, when cardiac arrest does not occur at stunning, ecchymosis can develop due to a build 
up of blood pressure, resulting in capillary rupture. Sticking will alleviate blood pressure and 
it should occur as quickly after stunning as possible. Reducing the interval between stunning 
and sticking has been shown to decrease the amount of ecchymosis in the loin, ham, and 
shoulder (Burson et al., 1983). Sticking will also divert blood from the brain resulting In 
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cardiac arrest (Gregory, 1985), thus beginning the biochemical conversion of muscle to meat. 
Blood loss during exsanguination and the residual blood content of meat 
The act of exsanguination stops aerobic muscle metabolism and therefore, is the most 
important step in the production of meat from muscle tissue (Swatland, 1982). Blood 
obtained during the exsanguination of animals at slaughter facilities can be perceived as a 
waste product with little value. Captured blood from healthy animals, however, is sterile and 
can be utilized in the production of sausages. It can improve color in sausage products and 
represents approximately sixty percent of the available protein from animal by-products 
(Gckerman and Hansen, 2000). Gralapp-Gonzalez and Goodwin (2002) estimated the 
average value of blood/cwt. and the per hog value of blood is $18.00 and $1.66, respectively. 
The economic importance of blood may seem to be minimal, but when the per hog value is 
multiplied by the millions of hogs slaughtered in a modern facility annually, it becomes 
apparent that it is extremely important to optimize the amount of blood collected during 
exsanguination. Proper bleeding of animals has long been perceived to produce meat with 
improved quality and a longer shelf-life. This concept may come from a time when blood 
loss was related to the physical condition of the animal (~warriss, 1984). Diseased animals 
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would have a slower rate of blood loss during exsanguination. Therefore, a rapid blood loss 
at sticking would indicate an animal that is safe for consumption. The rate of blood loss has 
not been shown to impact the amount of residual blood or the microbial content of meat 
(Chrystall et al., 1981). 
The rate and extent of blood loss at sticking can depend on the methods applied for 
stunning and sticking, the interval between stunning and sticking, type of sticking incision, 
the carcass position during bleeding, and to some extent the sex and weight of the animal. 
The rate of blood loss is of economic importance to harvest facilities, as the more blood lost 
from a carcass can increase profits for companies. 
The Humane Slaughter Act of 1978 requires slaughter facilities to render animals 
insensible prior to sticking (Berg, 1998). The method used to achieve insensibility may 
affect the rate and extent of blood loss in the carcass and from the musculature. Currently, 
insensibility is achieved in pigs through electrical or carbon dioxide stunning. I have been 
unable to find a study which reports on the differences in bleed out between carbon dioxide 
and electrically stunned pork carcasses. It could be hypothesized that electrical stunning 
would increase the rate of bleeding due to an increase in muscle spasms and body 
movements. Chrystall et al. (1981), however, administered curare to eliminate muscle 
movements and were unable to find an increase in total muscle pigments (hemoglobin and 
myoglobin) in sheep muscle. 
Several other studies have investigated the effects of different stunning procedures on 
the efficiency of bleeding and the residual blood content of meat. Warriss and Leach (1978) 
studied the effects of electrical versus captive bolt stunning in sheep. The authors found 
electrical stunning resulted in a significantly greater amount of collected blood on the 
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slaughter floor, but did not affect the residual hemoglobin content in the meat. Similarly, 
Chrystall et al. (1981) used hemoglobin concentrations in the longissimus dorsi as a measure 
of bleeding efficiency and did not find differences between unstunned and head or head to 
back electrically stunned lambs. Kirton et al. (1981), however, found head to back stunning 
resulted in a forty-six percent reduction in blood lost during a two minute period following 
sticking, compared to head-only stunning. Stopping the heart through head to back stunning 
did not significantly reduce the overall bleeding out effectiveness in lambs because a beating 
heart is not necessary to remove blood from muscle (Chrystall et al., 1981; Warriss and 
Wotton, 1981). 
The duration between stunning and sticking may also impact the amount of blood 
harvest facilities are able to capture. Warriss and Wotton (1981) did not find a difference in 
the weight of blood in sixty kg pigs lost due to a short (twelve seconds) or long (thirty 
seconds) interval between stunning and sticking. Total heme pigments in the longissimus 
dorsi and semimembranosus were also unaffected by treatments. Vimini et al. (1983) did 
report a significant reduction in blood yields when sticking was delayed three, six, or thirty 
minutes after stunning in heifer and steer carcasses. Field et al. (1981) also found a reduction 
in blood loss when bleeding was not allowed to occur until thirty minutes after stunning. 
Position of the carcass and the type of sticking incision may also impact carcass bleed 
out. It would be expected that horizontal bleeding systems would see a reduction in the rate 
of blood loss when compared to vertical bleeding, but Warriss and Leach (1978) reported 
horizontal bleeding significantly increased blood loss. Larger sticking incisions, resulting in 
more arterial severing should also increase blood yields. Anil et al. (2000) found longer 
sticking incisions (by an average of 6.7 cm) in the front of the sternum, significantly 
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increased blood loss when twenty-five and one hundred percent of the blood was collected in 
sixty to eighty kilogram pigs. In contrast, pithing (Warriss and Leach, 1978) and "gash cut" 
methods (I~irton et al., 1981) have not been shown to increase blood yields in sheep, when 
compared to "spear sticking". 
To a small extent, weight and sex of the animal may influence the amount of blood 
harvest facilities are able to capture. The average blood collected in sixty kilogram pigs 
represented 4.1 % of the live weight and 5.3% of the carcass weight in a study by Warriss and 
Wotton (1981). Warriss and Leach (1978) reported the weight of blood loss was 
significantly correlated to carcass weight (r = 0.52). Vimini et al. (1981) found the amount 
of blood collected ranged from 5.9% to 3.7% of the hot carcass weight in beef carcasses. 
The range was due to gender of the animal and the duration between stunning and .sticking. 
Overall, heifer carcasses lost a smaller percentage of blood than steer carcasses. 
Each slaughter facility is responsible for implementing conditions, which allow for 
maximal blood capture for the type of animals that are being harvested. Only fifty percent 
of the total blood in an animal will be obtained during bleeding (Warriss, 1984). Blood not 
lost at exsanguination is probably retained within the viscera (Warriss, 1984). Kirton et al. 
(1981) also found head to back stunned sheep had a heavier skin, head, and feet than head 
only stunned animals which lost more blood during exsanguination. Vimini et al. (1983) 
found pluck and liver weights were not increased due to delayed bleeding, but spleen weights 
were increased. 
The act of exsanguination during harvesting will ensure drainage of blood from 
muscle tissue. Blood drainage will only produce a reduction in the amount of blood found in 
large blood vessels (Warriss, 1978). Surface tension on small blood vessels will help reduce 
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the amount of blood drained from them (Warriss, 1984). Vasoconstriction as a result of 
stress (Warriss, 1984) and adrenergic stimulation (Swatland, 1982) will ensure the residual 
blood content in meat is minimal. The process of handling leading up to exsanguination is 
stressful on animals and studies have found high concentrations of catecholamines 
(adrenaline and noradrenaline) in blood at the time of slaughter (Warriss, 1978). Warriss 
(1978) stated a high level of catecholamines may cause vasoconstriction, but it is more likely 
caused by adrenergic stimulation. Swatland (1982) reported a reduction in the flow of blood 
to the kidneys resulted in the release of rennin. Once released, rennin will cause a production 
of angiotensin I through action on plasma proteins. Angiotensin I is then converted to 
angiotensin II, which causes vasoconstriction and an ultimate reduction in the amount of 
blood in postmortem muscle (Swatland, 1982). In pork, the mechanical action or tumbling 
that occurs in some scald tanks may also cause blood to be removed from muscle tissue. 
Warriss and Rhodes (1977) calculated the residual blood content in fresh beef to be 
approximately 0.3%. The authors, therefore, concluded that "bad bleeding" did not occur in 
commercial abattoirs. 
Regardless of the slaughter factors, it appears the amount of residual blood in meat 
will be minimal. The length of time a pork carcass spends from sticking to scalding should 
be set to optimize blood collection, in turn maximizing profitability from blood~°yields, but 
also minimizing the amount of time the carcass spends on the slaughter floor. A reduction in 
this time will allow carcasses to be eviscerated earlier and enter the cooler at an earlier 
postmortem time. Meat quality should be increased as heat is removed at an earlier time 
point through a reduction in bleed times. 
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Hair removal 
Hair removal in beef and lamb carcasses is achieved through complete removal of the 
skin from the carcass. In pork carcasses, hair removal can be accomplished through several 
methods. Immersing the carcass in hot water (approximately 60 °C) for several minutes 
(scalding} accompanied by a type of mechanical action is the most common type of hair 
removal. Scalding is generally followed by scraping and singeing (passing the carcass 
through gas burners) to optimize hair removal. van der Wal et al. (1993) conducted a study 
to determine the impact of differing scald lengths on hair removal and meat quality. The 
authors found scalding carcasses at 60 °C for 5.5 to 7.5 minutes resulted in satisfactory hair 
removal when judged subjectively. They also found scald times may need to be increased to 
nine minutes during the autumn or "hard hair" season. Singeing alone, followed by scraping, 
has been used in European countries as an effective method of removing hair (Monin et al., 
1995a). Similar to cattle and sheep, skinning of pork carcasses has also been used as an 
effective hair removal method. The keeping and eating qualities of meat can be influenced 
by the method of hair removal and the pros and cons of each type must be evaluated when 
trying to determine which to utilize in new slaughter facilities. Several authors have 
investigated the effects of skinning compared to scalding and the impact singeing carcasses 
has on meat quality. 
It has been hypothesized skinning will improve the keeping qualities of meat as the 
water temperature during scalding is not sufficient to destroy microorganisms. The scald 
water will become contaminated with microorganisms as the first carcass is introduced into 
the scalder and will become more contaminated with entry of each subsequent carcass. As 
each carcass enters the scald tank, microorganisms will be spread from one carcass to 
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another. van Laack and Smulders (1991) did not find significant differences in microbial 
counts between scalded and skinned carcasses. Troeger and Woltersdorf (1987) did find 
skinning significantly reduced surface bacteria measured on the ham, back, and shoulders. 
Salm et al. (1978) also found skinned cazcasses to have significantly fewer microorganisms 
on the ham and shoulder. The authors stated the amount of contamination would reflect the 
amount of employee handling occurring on each carcass. In commercial operations, handling 
during hair removal should be minimized. Following scalding with a singeing process may 
also be effective in reducing the amount of surface bacteria. Even if no significant 
differences are observed in the shelf-life of meat from skinned carcasses, the type of hair 
removal used may influence meat quality. 
Even though loin pH was unaffected by slaughter procedure, Voogd (1983) found 
skinned carcasses to have improved lean color and firmness scores and a higher water 
holding capacity, when compared to scalded carcasses. Similarly, Maribo et al. (1998a) 
reported forty percent lower drip losses, lower internal reflectance scores, higher a* and b* 
values, and darker lean color scores for skinned carcasses. The authors did find a decrease in 
tenderness of the longissimus for carcasses which had been skinned, even after four days of 
aging. This difference was not due to a shorter sarcomere length within the longissimus for 
scalded carcasses. In contrast, van Laack and Smulders (1991) did not find an effect on 
Warner-Bratzler shear force values or sarcomere length by slaughter procedures (skinning 
versus scalding). 
The differences observed in ultimate meat quality may be due to differences observed 
in the rate and extent of pH and temperature in carcasses between treatment groups. Maribo 
et al. (1998a) found dehided (skinned) carcasses had a higher pH in the longissimus of 0.1 to 
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0.2 units up to six hours postmortem and an ultimate pH 0.1 units higher than scalded 
carcasses. The authors also found the pH in the biceps femoris to be 0.1 to 0.2 units higher 
from 0.5 to 4.5 hours postmortem for skinned carcasses. van Laack and Smulders (1991) 
also found skinned carcasses to have significantly higher pH values in the loin at fifteen 
minutes postmortem. 
Troeger and Woltersdorf (1987) also reported pH values within the longissimus, 
semimembranosus, and biceps femoris dropped more rapidly in scalded carcasses and this 
was especially apparent in the biceps femoris. In contrast, Voogd (1983) found no difference 
in loin pH between skinned and scalded carcasses, but did find scalded carcasses to have a 
significantly higher muscle temperature at forty-~ ve minutes postmortem. Troeger and 
Woltersdorf (1987) found scalded carcasses to have a 1 °C higher temperature in the loin and 
ham at thirty minutes postmortem and Maribo et al. (1998a) reported dehided carcasses had 
lower muscle temperatures (in the loin and biceps femoris) up to one hour postmortem. Salm 
et al. (1978) also found scalded carcasses entered the cooler at higher temperatures when 
compared to skinned carcasses. Scalded carcasses did chill faster after entry into the cooler 
and the authors stated this was related to the amount of evaporative cooling on the surface of 
scalded carcass from water absorbed during scalding. Therefore, the increased evaporation 
in scalded carcasses led to greater cooler shrink (Balm et al., 1978; Troeger and Woltersdorf, 
1987). 
Scalding influences metabolism in early postmortem musculature through thermal 
and mechanical processes during scalding (Troeger and Woltersdorf, 1987). If the length of 
scalding is extended, these processes may lead to a faster glycolytic rate and high muscle 
temperature during the early postmortem period. Muscles on the "outside" of the carcass, i.e. 
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the loin and the biceps femoris, may be especially susceptible to influences from scalding 
(Troeger and Woltersdorf, 1987). Honkavaara (1989) found an average increase in carcass 
temperature of 1.2 ± 1.4 °C during scalding. Heat will penetrate the carcass slowly, as the 
thermal conductivity of adipose tissue is less than muscle (van der Wal'et al., 1993). 
Cantinued selection for leaner, heavier muscled pigs may result in more heat being absorbed 
during scalding. Heat is absorbed superficially while the carcass is in the scald tank and will 
be removed quickly after scalding has ceased (van der Wal et al ., 1993). 
The temperature increase of musculature during scalding may be related to the rate of 
postmortem glycolysis at slaughter. Honkavaara (1989) found creatine kinase levels to be 
related to the increase in carcass temperature during scalding. Creative kinase catalyzes the 
reaction needed to regenerate ATP from ADP (Berg et al., 2002) and ATP is needed for 
glycolysis to occur. Honkavaara (1989) reported that carcasses with the highest creative 
kinase levels had the fastest glycolytic metabolism early postmortem, resulting in a 
generation of heat. Temperature increases prior to entry into the scalder will reduce the 
effects scalding may impart on cazcass temperature. Cazcasses with a slow metabolism early 
postmortem will be more susceptible to temperature increases during scalding. Therefore, 
carcass temperatures immediately after sticking will be the most important variable 
explaining variation in the temperature rise during scalding (Honkavaara, 1989). Even 
without a significant increase in temperature during scalding, heat will not be removed from 
the carcass (van der Wa1 et al., 1993). Lengthening the duration of scalding will delay heat 
removal from the cazcass and may cause a reduction in overall meat quality. 
Honkavaara (1989) found increasing scald times from 6 to 6.5 minutes resulted in an 
increase in glycogen breakdown from 1.1 to 4.1 µmoU(100g x minute). The authors also 
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reported scalding time alone explained 15.1 % of the variation in the rate of postmortem 
glycogen breakdown. During scalding, a major part of glycogen is converted to glucose, but 
only a small part of glucose is broken down to form lactic acid (Honkavaara, 1989). Arise 
in carcass temperature during scalding of 0.6 and 1.2 °C resulted in enhanced lactic acid 
production at forty-five minutes postmortem by 26.0 and 30.5 µmol/(100g x minute), 
respectively. Therefore, it can be concluded that the processes of scalding and dehairing 
accelerate postmortem biochemical processes and lengthening the duration of scalding will 
result in poorer meat quality. Lengthening scald times from ,3.5 to 5.5, 7.5, 8.5, 9.0, 9.5, 11.0 
and even 12.0 minutes has been shown by van der Wal et al. (1993) to not significantly 
impact ultimate pH or fiber optic probe measurements. The authors did not investigate the 
effects of scald time on early pH measurements, water-holding characteristics, or tenderness 
properties in their study. Also, a total of twenty-six pigs were harvested in the study and two 
scald periods only utilized one pig each. Further studies need to be conducted to examine the 
effects of the length of scalding on the rate and extent of the carcass pH/temperature decline 
in postmortem musculature. Amore comprehensive meat quality analysis also needs to be 
conducted from samples with extended scald times. 
Evisceration 
Eilert (1997) stated that ideally, pork carcasses would be removed from the slaughter 
floor within twenty to twenty-five minutes postmortem. In today's slaughter facilities the 
time taken from stunning to evisceration will have to be minimized to accomplish this. Time 
to evisceration is important because heat from the viscera will be removed and a removal of 
this heat may reduce quality problems attributed to postmortem muscle metabolism (Eilert, 
1997). Time to evisceration can be reduced through skinning of pork carcasses because the 
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carcasses will not spend time in a scald tank to accomplish hair removal. Skinned carcass are 
not placed in a scald tank and for this reason, the. sternum of skinned carcasses may be split 
much earlier after sticking than scalded carcasses. Splitting the sternum may allow heat to be 
removed from the body cavity. Maribo et al. (1998a) found skinned carcasses to have forty 
percent lower drip losses, darker colored lean, and lower internal reflectance scores in the 
longissimus dorsi and biceps femoris. The improvement in quality may have been due to 
earlier evisceration and chilling for skinned carcasses. On average, evisceration took place 
seven minutes earlier (sixteen versus twenty-three minutes) and skinned carcasses ultimately 
entered the chilling tunnel at an earlier time postmortem (twenty-eight versus forty minutes). 
In plants that do not practice skinning, the removal of viscera can occur at an earlier time 
postmortem by reducing scald times and minimizing the interval between sticking and 
stunning. D' Souza et al. (1998) reported that atwenty-five minute delay (forty-five to 
seventy minutes) from exsanguination until the carcasses entered the cooler impacted muscle 
metabolism. In this study, time to evisceration was increased by putting carcasses aside for 
twenty minutes after scalding and singeing was complete. Muscle glycogen measured in the 
longissimus and biceps femoris was significantly lower at every time point for carcasses with 
a delayed processing rate. Also, the longissimus was found to be paler in color in carcasses 
with a longer processing time. Similarly, Eldridge et al. (1993) found an eight minute delay 
in the time to evisceration resulted in significantly more drip loss and higher Minolta L* 
values in the loin at twenty-four hours postmortem. 
The time to evisceration appears to play a role in the determination of ultimate pork 
quality, however, time to evisceration was not controlled in the previous studies. Without an 
equal time of entry into the cooler for every carcass, the effect time to evisceration has on 
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quality may be limited. In this case, earlier postmortem chilling of the carcass may be the 
driving factor behind improvements made in quality. 
Chilling 
Monin et al. (1995b) compared the variation in temperature of meat in situ and after 
excision to determine the effects on metabolism. The authors concluded muscle 
temperatures prior to slaughter are less important in determining the rate of muscle 
metabolism and meat quality than temperature after slaughter has occurred. Therefore, the 
rate of heat removal on the slaughter floor and in the chilling chamber is very important. As 
a result of exsanguination and the subsequent cardiac arrest that ensues, meat animals lose 
their ability to remove heat from muscle tissue. Heat is generated from muscle metabolism 
and carcass temperatures can be increased by as much as 3 °C after slaughter due to rapid 
glycolysis (Bendall, 1973 as cited by Offer and Knight, 1988b). 
On the slaughter floor, the processes applied to the carcass influence heat removal 
from it. Honkavaara (1989) found carcass temperatures increased on the slaughter floor by 
0.5 °C, but there was significant variation (± 1.3 °C) between carcasses. At exsanguination, 
blood and the subsequent heat contained within it will be removed from the carcass. After 
exsanguination, scalding. carcasses can cause a delay in the temperature decline or even an 
increase in carcass temperature. Superficial measurements of temperature will be most 
affected by scalding, especially by the length of scalding (van der Wal et a1., 1993). 
Honkavaara (1989) reported carcasses with the highest increase in temperature during 
scalding had the highest temperatures when entering the chiller. The study also found 
carcass temperatures dropped after scalding by 0.7 °C ± 0.8 °C until the carcass entered the 
cooler. Skinning of carcasses may result in lower carcasses temperatures while on the 
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slaughter floor (Troeger and ~Voltersdorf, 1987) when compared to scalded carcasses. Along 
with a removal of the viscera, evisceration removes heat contained in the organs within the 
body cavity. Maribo et al. (1998b) conducted a study to determine the effects of a cooling 
process (showering with cold water for twelve minutes) at thirty minutes postmortem on 
meat quality. The showering with 10-12 °C water immediately after evisceration resulted in 
a lower muscle temperature from one to six hours. A higher pH of 0.1 to 0.2 units in cooled 
carcasses was also found at three and six hours postmortem, but overall meat quality was 
unaffected. After evisceration, carcass splitting will increase the surface area of the carcass, 
which can impact the rate of postmortem cooling (Huff-Lonergan and Page, 2000). The final 
process applied to carcasses is the type of chilling system implemented at the harvest facility. 
Ultimately, the rate of temperature decline and possibly overall meat quality will be 
influenced by the chilling system used. 
Regardless of the type of chilling system utilized in a particular harvest facility, heat 
removal from carcasses is accomplished through a combination of convection and 
conduction (Huff-Lonergan and Page, 2000). Convection transfers heat from the surface of 
the carcasses to substances which pass over the carcass. Heat is most commonly transferred 
to air and water through convection (Huff-Lonergan and Page, 2000). Placement of the 
carcasses inside the cooler will be especially important for heat removal because of 
convection. If carcasses are not properly spaced, air flow between them will be minimized, 
reducing the rate of carcass cooling. Through conduction, muscle temperatures decrease as a 
warm muscle comes in contact with a cold surface around it. In this way, heat is transferred 
from the center of muscles to the surface where it will be removed by convection (Huff-
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Lonergan and Page, 2000). The combined effects of convection and conduction will, 
therefore, be responsible for the rate of postmortem cooling. 
There are three main types of chilling systems implemented by the pork industry 
(Huff-Lonergan and Page, 2000). A conventional system places carcasses in a chamber with 
temperatures of 1 °C and air velocities of 1.5 to 3 feet/second for twenty-four hours. In spray 
chilling systems, carcasses are sprayed with cold water (1-5 °C) for ten hours with air speeds 
of 1.5 to 3 feet/second applied to the carcasses (Huff-Lonergan and Page, 2000). Finally, 
rapid or blast chilling utilizes high air velocities (10-16 feedsecond) with very low 
temperatures of —20 to —40 °C for one to three hours (Huff-Lonergan and Page, 2000). This 
type of chilling is usually followed by one of the other systems until fabrication occurs. 
Most of the studies comparing chilling systems use blast and conventional chilling as 
the treatments because the greatest differential in temperatures will be observed between the 
two. Milligan et al . (1998) found blast chilling for 100 minutes at —32 °C resulted in lower 
carcass temperatures and a decreased pH decline when compared to conventional chilling at 
2 °C for twenty-four hours. In the study, blast chilled carcasses underwent conventional 
chilling after removal from the blast chill chamber until twenty-four hours postmortem. 
Blast chilling also produced lean meat with lower L* values in the loin and ham. 
MacFarlane and Unruh (1996) conducted a study to determine the impact on tenderness 
properties in the longissimus through blast (-25 °C for one hour) or conventional chilling 
(twenty-four hours at 1 °C). The authors found blast chilling significantly decreased loin 
temperatures at two hours. The chilling treatment did not affect purge or cooking loss 
individually, but the combination of the two was significantly reduced through blast chilling, 
while tenderness was unaffected. The type of chilling system (blast versus conventional) did 
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not influence color or water holding properties of the loin in a study by van der Wal et al. 
(1995). Chilling carcasses at —30 °C for thirty minutes before conventional chilling (4 °C), 
however, resulted in significantly higher Warner-Bratzler shear force values and slightly 
shorter sarcomeres than those carcasses conventionally chilled for twenty-four hours. The 
authors did find rapidly chilled carcasses had smaller chilling losses than those 
conventionally chilled. 
Air temperature, air flow, and carcass spacing are all important factors determining 
postmortem carcass cooling after the carcass is off the slaughter floor. Quality control 
personnel should monitor carcass temperatures to ensure muscle temperatures decline as 
quickly as possible, given the type of chilling system used at the slaughter facility. 
Summary 
The postmortem relationship between pH and temperature is the most important 
factor affecting the ultimate quality of pork. In general, a high temperature coinciding with a 
low pH will be detrimental to the color, water-holding abilities, and tenderness of meat. 
These two variables (pH and temperature) may be the most useful predictors of pork quality. 
Postmortem harvest conditions should be set to achieve maximal pork quality. Minimizing 
the bleed and scald durations may result in a reduced glycolytic rate and tower carcass 
temperatures while on the slaughter floor through a reduction in the time to evisceration. It is 
unclear whether the time to evisceration or time of entry into the cooler will be more 
important for meat quality considerations. 
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INFLUENCE OF HARVEST PROCESSES ON PORK LOIN AND HAM QUALITY 
A manuscript to be submitted to Meat Science 
M. A. Gardner, E. Huff-Lonergan, L.J. Rowe, C.M. Schultz-Kaster, 
and S.M. Lonergan 
Abstract 
The purpose of this study was to determine the specific effects of extending scald 
time and the interval between sticking and scalding (dwell time) on pork quality attributes. 
Sixty-four Duroc X Yorkshire pigs were randomly assigned to a 2X2 treatment arrangement. 
Treatments extended the dwell time from 5 to 10 min and scald time from 5 to 8 min. To 
eliminate quality effects from early entry into the cooler, all carcasses entered the cooler at 
50 min postmortem. At exsanguination, blood was collected at 1 min intervals and then for a 
final 2 min period for the first 5 min after sticking. During exsanguination, over 99% of the 
collected blood was obtained during the first 3 min. Temperature, pH, purge loss, and 
Hunter L* values in the loin and ham were not significantly influenced by treatments. Drip 
loss and proteolysis (desmin and troponin-T degradation) in the loin were not impacted by 
treatments. Overall, increasing the time to evisceration by extending dwell and scald times 
did not significantly impact pork quality measures. 
Keywords: Pork quality, exsanguination, scalding, evisceration 
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Introduction 
A harvest facility is responsible for maintaining the level of pork quality provided by 
the producer. Variation in pH measurements (Homer &Matthews, 1998) and ultimate pork 
quality can occur from plant to plant (Hambrecht, Eissen, & verstegen, 2003). Within a 
plant, decisions made at key locations such as stunning (Channon, Payne, &Warner, 2002), 
bleeding, hair removal (Maribo, Olsen, Barton-Gade, & Miller, 1998a; Troeger & 
Woltersdorf, 1987), and chilling (Eldridge, Ball, &Knowles, 1993; MacFarlane &Unruh, 
1996; Milligan, Ramsey, Miller, Kaster, &Thompson, 1998), may impact the quality of meat 
produced. 
A rapid decline in pH, combined with a high muscle temperature early postmortem 
causes protein denaturation (Penny, 1969). Protein denaturation may increase drip loss and 
result in lighter colored lean (Honikel &Kim, 1986). Maribo, Olsen, Barton-Gade, Miller, 
and Karlsson (1998b) found the rate of pH decline to be independent of carcass temperature 
when exceeding 37 °C, but the rate of pH decline slowed as the temperature decreased below 
37 °C. Bendall and Wismer-Petersen (1962) stated that temperatures above 37 °C coinciding 
with pH values below 6.0 resulted in water loss and negative color changes within the meat. 
Retaining meat at 37 °C has been shown to increase the pH decline in carcasses with an 
already low pH at 1 h postmortem (Wismer-Pedersen and Briskey, 1961). Therefore, 
increasing or maintaining the carcass temperature during the early postmortem period may 
have detrimental effects on ultimate meat quality. Consequently, lowering the carcass 
temperature below 37 °C as early as possible could improve meat quality. 
Exsanguination, hair removal, and evisceration are three processes on the slaughter 
floor which can add or remove heat from the carcass. At exsanguination, blood along with 
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its inherent heat will be removed. Sosnicki, Wilson, Sheiss, and deVries (1998) suggested a 
minimum of five minutes be given for adequate bleeding. An increase in this time may allow 
processors to capture more blood, but carcasses will also spend a longer amount of time on 
the slaughter floor. A decrease in this time may have negative economic effects, but would 
allow the carcasses to enter the scald tank, and ultimately the cooler, at an earlier time 
postmortem. Reports have shown scalding periods of up to nine minutes may be needed for 
adequate hair removal (van der Wa1, van Beek, Veerkamp, & Wijngaards, 1993). Carcass 
temperatures may also increase during scalding (Honkavaara, 1989; van der Wal et al., 
1993). Reducing scald times would minimize any increase in carcass temperature due to 
scalding. A reduction in scalding periods would allow for earlier evisceration and entry into 
the cooler. Earlier entry into the cooler may minimize protein denaturation due to high 
muscle temperatures and also improve meat quality. 
During evisceration, heat will be lost with the removal of the viscera. A delay in the 
time to evisceration has been shown to increase drip loss (Eldridge et al., 1993) and produce 
paler colored meat (D' Souza, Dunshea, Warner, and Leury, 1998; Eldridge et al., 1993). 
Maribo et al. (1998a) demonstrated that dehided carcasses had 40% less drip loss and darker 
colored lean compared to scalded and singed carcasses. Although not stated by the authors, 
this may have been due to a 7 min reduction in the time to evisceration for dehided carcasses. 
The objective of the present study was to investigate how lengthening the time from stunning 
to scalding and the duration of scalding would impact postmortem carcass attributes of pH 
and temperature and ultimate meat quality. The impact delayed evisceration had on the rate 
and extent of temperature and pH decline and the effect time to evisceration had on ultimate 
quality was also investigated. 
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Materials and Methods 
Animals 
Sixty-four Duroc X Yorkshire gilts (n = 32) and barrows (n = 32) were harvested 
using humane practices at the Iowa State University Meat Laboratory, Ames, IA. All pigs 
were harvested at approximately 113 kg. All pigs originated from the same farm and were 
held in lairage without feed overnight. Four harvest groups (16 pigs per wk) over a 4 wk 
period during the month of June were used. Barrow and gilt carcasses were randomly 
assigned to a 2X2 treatment arrangement, varying in the interval between sticking and 
scalding (dwell time 5 or 10 min) and duration of scalding (5 or 8 min). An equal number of 
barrow and gilt carcasses were represented in each treatment group. Pigs were immobilized 
using a head only Best and Donovan Model "ES" electric hog stunner (Cincinnati, OIL) at 
300 V for 3-4 s. 
Blood yield 
Blood was collected each minute for the first 3 min of exsanguination and total blood 
volume was determined after 5 min. For the first minute, blood was collected using a large 
funnel that was placed in a stainless steel bucket. The bucket was lined with two plastic bags 
and the funnel was scraped to ensure that all of the blood lost during the first minute was 
collected. After collection, the bags were removed and weighed. After the first minute a 
funnel was placed below the sticking incision. Blood emptied into a plastic bag and the bag 
and funnel were weighed to determine blood yield up to 3 min. Between carcasses the 
funnels were washed, dried and a tare weight for the bags and funnel was determined. A 
small plastic cup was placed under the incision for the last 2 min of collection to determine 
the blood yield. Total blood weight was determined as the sum of all the collection periods. 
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Values reported are based on a percentage of the total volume of blood collected and as a 
percentage of the live weight. 
Scalding conditions 
All carcasses were held in an Oscar Baumann GrnbH Co. type BM 20 scaldldehairing 
tank (Pioneer Food Equipment; Pennsgrove, NJ) at 61 °C. Depress S, silicone anti-foam 
(DuBois Chemicals: Sharonville, OH) was added to the water to aid in foam reduction and 
hair removal. The hair was mainly removed by rotating paddles, which ran on a 5 min cycle. 
To prevent excessive physical damage to the carcass, a passive treatment without paddle 
rotation was used for last 3 min of scalding for carcasses in the 8 min scald treatments. Also, 
the effect high temperatures during scalding had on quality were desired, not the impact of 
extending scalding periods on hair removal. After removal from the scald tank, carcasses 
were scraped with a knife and singed to remove any remaining hair. Following singeing, 
carcasses were showered with cold water and were eviscerated. The time at the initiation of 
evisceration (time to evisceration) was recorded on all carcasses. To ensure postmortem 
chilling did not mask the treatment effects, all carcasses entered the cooler at 50 min 
postmortem. 
Temperature and pH 
Core temperature of the longissimus (LD) at the last rib on the right side of the 
carcass was measured irrimediately after each carcass was taken out of the scald tank using 
an Electro-therm IT670A thermometer (Cooper Instrument Corp.; Middlefield, CT). Core 
temperature and pH of the LD (at the last rib) and the semimembranosus (SM) on the right 
side of the carcass were measured at 45 min, 2, 4, and 6 h postmortem. Temperature and pH 
were also measured in the LD, SM, and the biceps femoris (BF) at 24 h postmortem on the 
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left side of the carcass. Temperature measurements at 45 min, 2, 4, 6, and 24 h postmortem 
were taken with a Thermocouple Thermometer Dual J-T-E-K Model No. 600-1040 (Barnant 
Company; Barrington, IL). pH was measured with a pH-Star probe (SFK Technology, Inc.; 
Kolding, Denmark). The pH probe was calibrated for temperature at each time period, using 
two buffers (pH 4.0 and pH 7.0), and was checked after measurement on each carcass. 
Sample collection 
At 24 h postmortem, samples from the LD, SM, and BF were excised from the left 
side of the carcass. Frior to fabrication, back fat thickness was measured on the left side of 
each carcass at the last rib. Figure 1 illustrates the location of samples in the LD used for 
meat quality analysis. Two 2.54 cm thick LD chops were removed approximately 2.54 cm 
anterior to the hipbone pocket. These samples were used for color, drip loss, and subjective 
analysis. The remaining posterior end of the loin (sirloin) was used for purge analysis. From 
a point immediately anterior to the previously mentioned LD chops, four 2.54 cm thick chops 
were removed .for WBS analysis. Anterior to each tenderness chop, a 0.5 cm thick sample 
was taken for proteolysis analysis. A 2.54 cm cut was removed from the posterior end of the 
SM for color analysis. The remainder of the SM was used for purge analysis. A 2.54 cm cut 
was also removed from the center portion of the BF for color analysis and the remainder was 
used for purge analysis. 
Color and subjective quality analysis 
Hunter L*, a*, and b* values were determined at 1 d postmortem on 2.54 cm thick 
cuts from the LD (Fig. 1), SM, and BF. Samples were allowed to bloom for a minimum of 1 
h at room temperature and were analyzed on a calibrated Hunter lab Labscan colorimeter 
(Hunter Associated Laboratories Inc.; Reston, VA). A CIE D — 65 10° standard observer and 
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a 1.27 cm viewing port were used to obtain 4 color measurements on each of two LD chops. 
A118 color measurements were used to deternune an average color score for the LD on each 
carcass. For the SM and BF, 5 and 4 measurements respectively, were taken on one cut from 
each muscle to determine an average color value. 
Using a* and b* values, saturation and hue angle were calculated on all three 
muscles. Saturation was calculated as [(a*Z) + (b*2)]12. Hue angle was calculated as the 
arctan of b*/a* (Little, 1975). 
Subjective color scores were deternuned at 24 h postmortem on LD chops (Fig. 1). A 
trained panel (n = 3) used both the National Pork Board (NPB)~(1 =pale, 6 =dark) and 
Japanese (JCS) (1 =pale, 6 =dark) standards to determine an average color score for each 
loin. 
Subjective appraisal of firmness, wetness, and marbling was deternuned at 24 h 
postmortem by a trained panel (n = 3) on LD chops (Fig. 1). Firmness and wetness were 
evaluated on a three point scale (National Pork Board, 2000) (1 =soft and wet, 3 =firm and 
dry). Marbling values were based on National Pork Board standards correlated to the 
concentration of intramusculaz lipid. 
Water-holding capacity 
Drip loss was measured in duplicate using 2.54-cm LD chops (Fig. 1) during 5 d of 
storage at 1 °C in a plastic bag under atmospheric conditions. The initial weight of the chops 
was recorded after towel drying the chops prior to storage to remove excess surface moisture. 
After 1 d of storage, samples were removed from their individual bags and were towel dried 
and weighed. The chops were then placed in new bags and stored for an additional 4 d. 
After 5 d of storage, chops were again towel dried and weighed. Drip loss was determined 
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after 1 d of storage and total drip loss was determined after 5 d. Drip loss was calculated as 
follows: 
(Initial wt. chop #1 +Initial wt. chop #2) —(Final wt. chop #1 +Final wt. chop #2) 
Initial wt. of cho #1 +Initial wt. of cho #2 X 100 P P 
Purge loss was measured on the sirloin (Fig. 1), SM, and BF after 7 d of storage at 1 
°C in a vacuum bag. Prior to storage, samples were towel dried to remove excess surface 
moisture, weighed to determine initial weight, and vacuum packaged. After storage, samples 
were removed from their packaging, towel dried, and weighed. Purge loss was calculated as 
follows: 
(Initial wt. of sample —Final wt. of sample) 
Initial wt. of sample X 100 
Warner-Bratzler shear force 
Four 2.54 cm LD chops (Fig. 1) were stored in a vacuum bag at 1 °C for 1, 3, 5, and 7 
d postmortem. After aging, chops were frozen in a —20 °C blast freezer until needed for 
Warner-Bratzler shear force (WBS) analysis. The chops were then thawed at 4 °C and 
broiled to an internal temperature of 35 °C, turned over and cooked until an internal endpoint 
temperature of 71 °C was reached. After broiling, the chops were cooled overnight at 4 °C 
prior to measurement. The chops were allowed to equilibrate at room temperature before 
coring. Four 1.27 cm diameter cores were removed parallel to the muscle fibers from each 
chop. WB S measurements were obtained using a TA.TX2 Texture Analyzer (Texture 
Technologies Corp.; Scarsdale, NY). The tests were performed using aWarner-Bratzler 
Probe and Guillotine Set number TA-7B USDA. The probe was programmed to be lowered 
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30 rim from the point of resistance. The penetration speed was set at 3.3 n:lmis with a post-
test speed of 10 r~lmis and apre-test speed of 2.0 mm/s. 
'Whole muscle sample preparation 
To monitor protein degradation, troponin-T and desmin were selected as indicators of 
overall proteolysis. LD samples (Fig. 1) aged 1, 5, or 7 d in a vacuum bag at 1 °C and frozen 
at —20 °C were used for analysis. Awhole-muscle extraction procedure from Huff-Lonergan, 
Mitsuhashi, Beekman, Parrish, Jr., Olson, and Robson (1996) was used to solubilize proteins. 
A 0.2 g sample of frozen muscle tissue from each LD sample was homogenized using a 30 
ml Potter-Elvehjem tissue grinder with a P'1:~E pestle (Wheaton Science; Millville, NJ). 
Samples were homogenized on high speed for 15 strokes with 5 ml of extraction buffer (2% 
sodium dodecyl sulfate (SDS) and 10 rr~1VI phosphate, pH 7.0}. The homo enates were g 
centrifuged at 1,500 X g for 15 min at 20 °C using a Sorvall Legend RT centrifuge (Sorvall 
Products, L.P.; Newton, CT). A modification to the method developed by Lowry, 
Rosebrough, Farr, and Randall (1951) was used to determine the protein concentration using 
premixed reagents (DC Protein Assay; Biorad Laboratories; Hercules, CA). Gel samples 
were prepared by diluting the whole muscle extract to 6.4 mg protein/ml. A sample/buffer 
tracking dye solution (3mM EDTA, 3% SDS, 30% glycerol, 0.001 % Pyronin Y, and 30 rr~/I 
Tris — HCl pH 8.0) (Wang, 1982) and 0.1 vol 2 — mercaptoethanol was used to bring the 
sample to a final protein concentration of 4 mg protein/ml. The samples were then heated at 
50 °C for 20 min and frozen at —80 °C. 
SDS-Page system and running conditions 
Whole-muscle protein samples were fractionated using a modified method from Huff-
Lonergan, Parrish Jr., and Robson (1995). For troponin-T analysis, 15% polyacrylamide 
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sepazating gels [acrylamide/bis (100:1 acrylamide: N, N' — bis-methylene acrylamide), 0.1% 
[wdvol] SDS, 0.05% [wdvol] ammonium persulfate CAMPER), and 0.05% [wt/vol] N, N, N', 
N' — Tetramethylenediamine (TEMED), 0.375 M Tris — HCI, pH 8.8] were used. For desmin 
analysis, 10% polyacrylamide separating gels [acrylamide/bis (100:1 acrylamide: N, N' —bis 
—methylene acrylamide), 0.1% [wt/vol] SDS, 0.05% [wdvol] AMPER, and 0.05% [wdvol] 
TEMED, 0.375 M Tris — HCI, pH 8.8] were used. Both systems used a 5% polyacrylamide 
stacking gels [acrylamide/bis (100:1 acrylamide/ bisacrylamide), 0.1% [wt/vol] SDS, 0.075% 
[wt/vol] AMPER, 0.125% [wdvol) TEMED, and 0.125 M Tris — HCI, pH 6.8]. Troponin-T 
gels were loaded with 20 µg protein. A control sample (20 µg protein) from porcine LD 
muscle (aged 7 d) was also loaded on each gel as a reference for degradation. Gels (10 cm 
wide X 12 cm tall X 1.5 mm thick) were run at a constant voltage (120 V) for approximately 
4.5 h on a Hoefer SE 280 system (Amersham Pharmacia Biotech; San Francisico, CA). 
Desmin gels were loaded with 30 µg protein. A control sample from porcine LD (aged 7 d) 
was loaded (30 µg protein) on each gel as a reference for the intact portion of desmin. Gels 
(10 cm wide X 10.5 cm tall X 1.5 mm thick) were run overnight at a constant voltage (30 V) 
for approximately 14 h on a Hoefer SE 260 system (Amersham Pharmacia Biotech). The 
running buffer used in both systems consisted of 192 mM glycine, 0.1% [wdvol] SDS, and 
25 mM Tris pH 8.3. 
Transfer conditions 
All proteins were transferred using a modified method from Huff-Lonergan et al. 
(1996) onto Westran polyvinylidene fluoride (PVDF) protein transfer and sequencing 
membranes (Schleicher and Schuell, Inc; Keene, NH). The membranes were prewet in 100°Io 
methanol. Membranes were then placed in transfer buffer (25mM Tris, 192 mM glycine, and 
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15% [voUvol] methanol). Transfer of proteins was conducted using a Hoefer '1' 22 transfer 
tank (Amersham Pharmacia Biotech) at a constant voltage (90 v) for 1.5 h. A Lauda ECO — 
Line RE 106 Refrigerating Circulator (Brinkmann Instruments, Inc.; Westbury, NY) set at 
0.4 °C was used to maintain the temperature of the transfer buffer between 4 and 8 °C. 
Western blotting procedure 
Detection of troponin-T and desmin was achieved using a modified procedure from 
Huff-Lonergan et al. (1996). After transfer, membranes were incubated in 5% [wtivol] non-
fat dry milk dissolved in 80 rriM Nat HPOQ, 20 rriM NaH~PO4, 100 ~r~1VI NaCl, and 0.1 % 
[wtivol] polyoxyethylene 20 sorbitan monolaurate [Tween — 20] (PBS-Tween) for 1 h at 
room temperature. After removal from the blocking solution, membranes were incubated for 
1 h at room temperature in PBS —Tween, containing either monoclonal primary troponin-T 
antibody (cat #T6277 clone JLT —12, Sigma Chemical Co.; St. Louis, MO) at a dilution of 
1:15,000 or polyclonal primary rabbit antidesmin antibody (cat. #V2022, Biomedia Corp.; 
Forest City, CA) at a dilution of 1:10,000. All blots were then washed three times (10 min 
per wash) in PBS —Tween. Membranes were then incubated for 1 h at room temperature in 
PBS —Tween, containing either goat anti-mouse IgG secondary antibody conjugated with 
horseradish peroxidase (cat. #A2554, Sigma Chemical Co.; St. Louis, MO} at a dilution rate 
of 1:5,000 for troponin-T analysis or goat anti-rabbit conjugated with horseradish peroxidase 
(cat. #A9169, Sigma Chemical Co., St. Louis, MO) secondary antibody at a dilution of 
1:5,000 for desmin analysis. All membranes were then washed three times in PBS —Tween 
for 10 min per wash. Detection was completed by chemiluminescence with ECL —Plus RPN 
2132 Western Blotting reagents (Amersham Life Science; Arlington Heights, IL). 
Chemiluminescence was detected and documented using a ChemiImager 5500 v 3.04E 
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(Alpha Innotech Corp.; San Leandro, CA) with a 16 bit mega pixel CCD camera 
F1uorChemTM 8 800 (Alpha Innotech Corp. ; San Leandro, CA) and F1uorChemTM IS -8 800 
software (Alpha Innotech Corp.; San Leandro, CA). Densitometric measurements were also 
completed using the FluorChemTM IS-8800 software. 
Statistical analysis 
To determine the interactions between treatments, carcasses were assigned to one of 
four slaughter groups (n = 16), differing by the length of dwell and scald times. Carcasses in 
groups 1 and 2 had a 10 min dwell time, while carcasses in groups 3 and 4 had a 5 min dwell 
time. Carcasses in groups 1 and 3 were scalded for 8 min and those in groups 2 and 4 were 
scalded for 5 min. 
All data were analyzed using SAS Version 8.2 (Cary, NC) and significance is 
reported at the P < 0.05 level. For response variables on a continuous scale, a full mixed 
model with a 4x2x2x2 completely randomized design (CRD) was used. The factors were 
date of slaughter (4), scald time (2), dwell time (2}, and sex of the animal (2). when date of 
slaughter did not affect the results, a reduced 2x2x2 randomized complete block design 
(RCBD) (block =date of slaughter) was utilized. Temperature and pH of the BF used the 
full model, while fat thickness, Hunter, saturation, and hue angle values, and purge loss were 
analyzed with the reduced model. Troponin-T degradation in the LD and pH in the SM were 
analyzed repeatedly over postmortem time, and thus, a repeated measures full mixed model 
was used. The whole plots were date of slaughter, scald time, dwell time, sex of the animal, 
and their interactions in a CRD. For the remaining repeated measures (temperature/pH of the 
LD, temperature of the SM, wBS, and degradation of desmgn), the previously mentioned 
reduced model with a split plot in time was used. The whole plots were scald time, dwell 
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time, sex of the animal, and their interactions in a RCBD (block =week). Over the analysis 
of all continuous data, higher order interactions (e.g. date x scald x dwell x sex) for certain 
response variables were dropped when there was no evidence of a lack of fit for the reduced 
model. These variables were tested with a lack of fit F-test. 
For the response variables (NPPC color, JCS, firmness, wetness, and marbling) that 
were either discrete in nature or due to the measurement device, tests for independence 
between treatments and response were conducted using Fisher's exact test. Due to the size of 
the contingency tables, the exact statistic (and P-value) was estimated with a Monte Carlo 
method based on 100,000 samples. 
Results and Discussion 
Carcass characteristics 
There were no significant treatment differences for carcass characteristics (Table 1). 
The average live weight at slaughter among all groups was 113.68 kg and on average, 
carcasses dressed out at 77.38%. The high dressing percent can be attributed to the removal 
of feed from the animals approximately 18 h before slaughter. The average interval between 
stunning and sticking was 47.7 seconds. Modern slaughter facilities can reduce this time to a 
minimum of 6 seconds, but it can take up to 45 seconds and the average interval for the 
industry is between 25 and 35 seconds (Messinger, 2002). In an industry setting, it is 
important to reduce this time to diminish the amount of blood splash by relieving blood 
pressure which is built up by stress applied before, during, and after stunning. Burson, Hunt, 
Schafer, Beckwith, and Garrison (1983) found delaying the time from stunning to sticking 
resulted in increased blood splash in the loin, ham, and shoulder in pork carcasses. In our 
study, the long interval between stunning and sticking was not of great concern because 
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blood splash was not measured and there were no significant differences between treatments 
for the stun to stick interval. 
Barrows were significantly (P < 0.01) fatter at the last rib than gilts (2.45 cm vs. 2.19, 
respectively, data not shown). Marbling scores were also higher (P = 0.091) for barrows than 
for gilts (1.8 vs. 1.5). Hamilton, Ellis, Miller, McKeith, and Parret (2000) similarly found 
gilts had significantly less marbling and backfat than barrows. In the present study, barrows 
had significantly higher (P < 0.05) L* values in the SM (52.5 vs. 51.1), but this was the only 
quality characteristic significantly influenced by gender at the P < 0.05 level. It is unclear 
why this difference existed. Adipose has a lower thermal conductivity than muscle (van der 
Wal et al., 1993) and because of this, variation in backfat thickness may result in higher 
postmortem muscle temperatures. Even though relative differences were seen (0.73, 0.88, 
and 0.65 °C higher at 2, 4, and 6 h postmortem, respectively, for barrows), sex class did not 
significantly affect temperature in the LD at any time point (P > 0.05). 
Blood yield 
In a preliminary study, we observed that market weight (~ 115 kg) hogs could be 
completely bled within 5 min after sticking. For this reason, blood was not collected after 5 
min for carcasses in the 10 min dwell treatment groups. Therefore, the blood yield was not 
influenced by treatments. The total collected blood, on average, accounted for 3.55% of the 
live weight and 4.59% of the hot carcass weight. These amounts are slightly lower than the 
4.1 % and 5.3% of the live and carcass weight, respectively, reported by Warriss and Wotton 
(1981) in lighter weight hogs (63 kg live weight). As shown in Table 2, 90.77% of the 
collected blood was obtained during the first min after sticking and over 99.4% was obtained 
during the first 3 min. These results are similar to those reported by Warriss and Wotton 
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(1981) where, on average, appro~cimately 99.6% of the blood was collected during the first 
2.5 min after sticking. In the present study, three animals were removed from these 
calculations. Two animals had less than 70% of the blood collected during the first min after 
sticking and the third animal had almost 11.5% collected between 3 and 5 min after sticking. 
These percentages are greater than three standard deviations from the mean of all animals at 
these times. Improper sticking likely caused the abnormal collection of blood in the three 
animals. Anil, Whittington, and McKinstry (2000) reported that blood loss was significantly 
reduced when using a short sticking wound (by an average of 6.7 cm) compared to a long 
one. Length of the sticking wound may have affected the rate of blood loss in the three 
removed animals. In modern processing facilities, proper training of sticking personnel is 
important to ensure the length of the sticking wound is adequate to properly bleed cazcasses 
before entering the scald tank. Even with the inclusion of the three animals, the conclusion 
can be drawn that hog carcasses in this study were bled out by 3 min after sticking. Warriss 
and Wotton (1981) similarly found the time to the end of bleeding was approximately 130 
seconds in lighter weight pigs. 
Sosnicki et al. (1998) suggested a minimum of 5 min should be given for adequate 
bleeding of the carcass. In our own personal communications with commercial facilities, we 
found bleed times varied from 2 to 10 min. Reducing dwell times and reducing the amount 
of blood collected can have negative consequences for slaughter companies. Blood accounts 
for 60% of the total protein available from meat animal by-products and can be used in 
sausage and other processed meat formulations (Ockerman &Hansen, 2000). The average 
value of blood is $1.66/pig (Gralapp-Gonzalez &Goodwin, 2002). With the data from the 
present study, 99.43% ($1.65) of that value can be achieved during the first 3 min after 
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stunning. Modern hog facilities are capable of harvesting millions of head per year, so even 
a small reduction in collected blood per head could have detrimental effects on profits. 
However, meat quality may be improved through faster processing rates on the harvest floor 
(D' Souza et al., 1998; Eldridge et al., 1993), and a reduction in the bleed time would allow 
carcasses to enter the cooler at an earlier time point. The data presented in this report offers 
more information needed to make the decision of what the minimum dwell time should be. 
Variation in the rate of bleeding out animals will occur in different plants. This 
variation may be due to the weight of the animal, stress on the animal prior to stunning, type 
of stunning method (Wariss &Leach, 1978; Warriss, 1977), location of electrodes for 
electrical stunning (Kirton, Frazerhurtst, Woods, & Chrystall, 1981), and position of the 
carcass during bleeding (Warriss &Leach, 1978). Under the conditions used in this study, 
we have shown dwell times longer than 3 min will not significantly increase blood yields, 
and carcasses should enter the scald tank no later than 5 min after sticking. If an 
improvement in quality can be achieved through a reduction in dwell times, more meat may 
be utilized in export markets. This may contribute to increased profits for the slaughter 
facility. 
Group effects 
Eldridge et al. (1993) found delaying the time to evisceration by 8 min resulted in 
significantly more drip loss and paler colored lean. Similarly, D' Souza et al. (1998) reported 
carcasses with a delay in evisceration had significantly higher L* values. In the present 
study, removal of the viscera occurred, on average, 8 min earlier for carcasses in group 4 
than carcasses in group 1 (Table 3). The 8 min difference can be attributed to a 5 min 
reduction in dwell time and a 3 min reduction in scald time for carcasses in group 4. This 
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should lead to a lower carcass temperature while on the slaughter floor for carcasses in group 
4. No significant differences were found (P > 0.05), however, between groups for 
temperature in the LD (Table 3) at 45 min postmortem. The study occurred during the 
summer and the temperature on the slaughter floor may have been high enough to mask the 
effects of the decreased time to evisceration on loin temperature while the carcasses were still 
on the slaughter floor. A study by Honkavaara (1989) also reported the time spent from 
stunning to splitting had only a minor effect on carcass temperature. In the present study, 
early postmortem pH decline (measured at 45 min) was not significantly influenced by the 
placement of a carcass in a particular treatment group (Table 3). A longer time on the 
slaughter floor could lead to tougher meat as time to evisceration had a significantly positive 
correlation (P < 0.05) to WBS measurements after 3 (r = 0.279) and 7 (r = 0.252) d of aging. 
A dwell x scald interaction (P < 0.10) also existed for WBS values after 1, 3, and 7 d of 
aging, as extended treatment times tended to result in higher WBS values. Therefore, time to 
evisceration may play a small role in predicting the variation in WBS values. Time to 
evisceration was added to the statistical models to determine if the duration between stunning 
and evisceration impacted any of the meat quality measurements. None of the measurements 
in the loin and ham of temperature, pH, color, WHC, or WBS were affected solely by time to 
evisceration at the P < O.OS level. Previous studies (Eldridge et al., 1993 & D'Souza et al., 
1998) have found the amount of time from stunning to evisceration significantly impacts drip 
loss and meat color. Neither study reports at what time the carcasses were allowed to enter 
the cooler. The effects of time to evisceration on meat quality may have also been due to an 
earlier or later entry into the cooler. If a constant time for carcass entry into the cooler is not 
set it would be difficult to discern which was more important, time to evisceration or time 
87 
into the cooler. In the present study, entry time into the cooler was constant across all 
carcasses and it appears time to evisceration played a limited role in determining meat 
quality. 
Dwell x scald interactions were found to significantly impact temperature of the SM 
at 2 h (P < 0.05), temperature of the BF at 24 h (P < 0.01), and WBS at d 7 (P < 0.05) (data 
not shown). These are the only measurements of temperature, pH, and the postmortem 
quality measures in the loin and ham that were affected by treatment interactions. With very 
few interactions, the placement of a carcass in a particular slaughter group had little impact 
on meat quality. Therefore, the remaining results will be discussed as the treatment effects 
within the dwell and scald times. Significant results will only be reported for dwell time or 
duration of scalding. 
Treatments effects for dwell or scald durations 
pH and temperature decline 
There were no significant differences among dwell or scald times on pH of the LD at 
any time postmortem (Fig. 2a). There was a trend for longer scald duration to produce lower 
LD pH values early postmortem (P = 0.073 at 45 min). The impact scald time had on pH 
values in the LD decreased over time (P = 0.10 at 2 h, P = 0.14 at 4 h, P = 0.30 at 6 h, and P 
= 0.29 at 24 h). Honkavaara (1989) found lengthening the scald time from 6 to 6.5 min 
caused an increase in the rate of glycogen breakdown from 1.1 to 4.1 µmoU(100g x min). 
When comparing scalding to skinning of carcasses, Troeger and Woltersdorf, (1987) reported 
scalding accelerated biochemical reactions in the muscle because of thermal and mechanical 
influences on the carcass. The rate of pH decline early postmortem affects protein 
denaturation and the water holding properties of meat (Penny, 1969). 
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The pH of the LD at 45 min appears to be important for the color and water-holding 
properties of the loin in this study. pH of the LD at 45 min was highly correlated (P < 0.01) 
to NPPC color score (r = 0.443), JCS (r = 0.450), firmness (r = 0.456), and wetness (r = 
0.527). Hunter L* (r = -0.547), a* (r = -0.461), and b* (r = -0.379) values, and drip loss after 
1 (r = -0.524) and 5 (r = -0.398) d of storage were also significantly correlated to pH of the 
LD at 45 min (P < 0.01). Schafer, Rosenvold, Purslow, Andersen, and Henckel (2002) found 
that pH measurements up to 2 h postmortem could explain 83% of the variation in drip loss. 
Even though scald time did not significantly influence LD pH at the P < O.OS level in the 
present study, a trend for carcasses to have a lower pH in the LD early postmortem was 
found for carcasses with 8 min scald times compared those with 5 min times. Therefore, 
increasing the time the carcass spends in the scald tank has the potential to decrease the 
quality of the carcass. 
Dwell and scald duration did not influence temperature of the LD at any time point 
(Fig. 3a). Although not significant (P = 0.067), the 3 min passive treatment for carcasses 
with an 8 min scald time increased the temperature of the LD by 0.19 °C immediately after 
scalding. van der Wal et al. (1993) reported a 2.8 °C increase in ham temperature measured 
subcutaneously between the skin and underlying fat for the same scald periods at 60 °C, and 
Honkavaara (1989) reported an increase of 1.2 ± 1.4 °C in carcass temperature during 
scalding. A stronger relationship exists between the length of scalding and subcutaneous 
temperatures than for muscle temperature (van der Wal et al., 1993). Therefore, the authors 
concluded that heat is absorbed superficially and can be removed quickly. In the present 
study, the measurement was taken 3 min later for carcasses in the 8 min treatment compared 
to those in the 5 min treatment. Therefore, heat removal was delayed by the longer scald 
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times. A delay in the heat removal from the carcass may influence overall meat quality (van 
der Wal et al., 1993), and it is possible to produce pale, soft, and exudative lean through the 
retention of body temperatures for extended periods (Wismer-Pedersen & Briskey, 1961). 
Schafer et al. (2002) reported 87% of drip loss could be accounted for by postmortem 
carcass temperature. In the present study, temperature of the LD at scalding is important for 
determining the variation in water-holding characteristics of the loin. Temperature of the LD 
at scalding was negatively correlated to firmness (r = -0.274; P < 0.05) and wetness (r = 
-0.343; P < 0.01) values in the loin at 24 h postmortem. Drip loss after 1 d (r = 0.347; P < 
0.01) and 5 d (r = 0.329; P < 0.01) of storage and purge loss in the sirloin (r = 0.316; P < 
0.05) were also significantly correlated to loin temperature at scalding. Even though 
temperatures at scalding were similar among all groups, temperature of the LD after removal 
from the scald tank appears to be an important detemunant in explaining the variation for 
water-holding capabilities of the loin. Muscles on the outer part of the cazcass, i.e. the loin 
and the biceps femoris in the ham, are especially susceptible to influences from scalding 
(Troeger & Woltersdorf, 1987). 
Figure 2b depicts the effects of dwell and scald times on pH in the ham. Dwell time 
did not influence pH of the SM at any time or the pH of the BF at 24 h postmortem. A 
longer duration of scalding resulted in higher pH values at 24 h in both the SM and BF (P < 
0.05). At 2 h, a 5 min dwell time resulted in a higher (P < 0.05) temperature in the SM (Fig. 
3b). Also, carcasses scalded for 8 min had a significantly (P < 0.05) higher temperature in 
the ham at 2 h than those scalded for 5 min. These differences were not evident at 45 min or 
at times later than 2 h postmortem. It is hypothesized that these differences may be due to 
the placement of the cazcasses within the cooler. Air flow differences in the cooler may have 
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affected temperatures within the ham during the first measurement period after the carcasses 
entered the cooler (2 h). Temperature of the LD was not affected by scald or dwell times at 
any time postmortem (Fig. 3a). 
Slaughter date had a significant effect (data not shown) on temperatures in all three 
muscles over all of the time points (P < 0.01). Also, pH in the SM at every time point and 
pH of the BF at 24 h was significantly (P < 0.05) influenced by slaughter date. Some of the 
differences in temperature noticed at 2 h may be due to differences among the animals 
between the slaughter weeks. Also, outside temperature fluctuations may have affected the 
temperature on the slaughter floor, resulting in different cooling rates between the weeks. 
The pH of the LD was not confounded by slaughter date. The fact pH was not affected by 
slaughter date indicates the trend for lower pH values due to delayed scalding did not occur 
on one or two slaughter dates. Therefore, the finding that longer scald times have a tendency 
to produce lower pH values during the early postmortem period is strengthened. 
Color and subjective analysis 
Hunter L* values were not affected by the length of scalding or the dwell time in any 
of the three muscles (Table 4). In the LD (Table 4a), a longer scald time produced a redder 
(higher a*) and more yellow (higher b*) colored lean (P < 0.05) than shorter scald times. 
Hue angle, therefore, is significantly higher for carcasses in the 5 min scald treatment, but 
saturation was unaffected by scald treatments. No dwell treatment differences in the LD 
were observed for any color measurements. However, carcasses with a 5 min dwell time had 
significantly higher b* and saturation values (P < 0.05) in the SM (Table 4b) than those in 
the 10 min treatment. Also, in the BF a*, b*, and saturation values were significantly (P < 
0.05) higher for carcasses within the 5 min dwell treatment (Table 4c). Yellowness of meat 
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is most affected by the form of myoglobin present (Lindahl, Lundstrom, & Tornberg 2001). 
It is unclear if this is the cause for the differences in b* values in the ham as the forms of 
myoglobin were not measured in the present study. Dwell time had a significant (P < 0.05) 
impact on the hue angle in the BF as longer dwell times led to higher hue angles. Duration of 
scalding did not significantly impact color measurements in the SM or BF except for the hue 
angle in the BF (P < 0.05). 
Neither treatment impacted the subjective measures of color, firmness, wetness, and 
marbling (Table 5). Therefore, lengthening dwell and scald times would not lead to a 
reduction of meat eligible for premium programs sorted by subjective appraisal. 
It might be expected that longer scald periods would cause increased denaturation of 
sazcoplasmic proteins, resulting in a paler, less red product. In our study, no differences were 
found for L* values, but a* values were significantly higher (P < 0.05) for carcasses with 
longer scald times. Lindahl et al. (2001) reported the pigment content and fraction of 
metmyoglobin were the most important factors for determining the variation in a* values. 
At temperatures similar to those found in the carcasses on the slaughter floor (35 — 40 °C), 
Zhu and Brewer (2002) found no difference in the denaturation of metmyoglobin at pH 
ranges from 5.0 to 7.0 in an isolated system. Without measurements of total heme pigments, 
it is unclear whether differences in the content and state of myoglobin between the treatments 
existed, resulting in differences among the Hunter values. It is expected that the amount of 
hemoglobin/myoglobin and the state of myoglobin would have been similar across 
treatments. Warriss and Leach (1978) and Chrystall, Devine, and Newton (1981) did not 
find differences in residual hemoglobin concentrations between variations in the stunning 
methods in sheep. The difference in a* values in the present study may be attributed to small 
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temperature (39.8 vs. 40.0 °C at scalding) and pH (6.30 vs. 6.19 at 45 min) differences 
between the scald times. High temperatures early postmortem combined with an increased 
glycolytic rate may decrease enzymatic activity involved in oxygen utilization, resulting in 
improved color stability (Renerre, 1999). The difference in a* values in the LD is 
statistically significant (P < 0.05), but the difference may possibly be due to normal 
biological variation and be of little practical importance. No difference was observed in 
saturation index between scald treatments and only a small, but significant (P < 0.05) 
difference was found in hue angle values. Also, L* values were unaffected by length of 
scalding, so the small difference in a* values may be of little practical importance to overall 
meat color. However, it is currently unclear why the difference in a* values occurred. 
Further evaluations need to be conducted to determine if these results can be repeated and 
what the contributing factors are for increased redness in meat due to increased scalding of 
the carcass. 
Water-holding capacity and desmin degradation 
Drip loss in the LD after 1 and 5 d of storage was not affected by treatments (Table 
6a). Purge loss, measured on the sirloin (Fig. 1), SM, and BF after 7 d of storage in a 
vacuum bag was unaffected by dwell and scald treatments (Table 6b). Among all 128 
samples (two from each carcass), the average drip loss was 4.02%. Over 52°l0 (2.16%) of that 
drip loss occurred during the first 24 h after storage. The smaller percentage of drip loss over 
the final4 d of storage is likely due to the degradation of the cytoskeleton during aging. 
Disrupting inter-myofibrillar and costameric connections, may allow an increase in the 
water-holding capacity of the meat throughout storage (Kristensen and Purslow, 2001). The 
improvement in water-holding capacity would result from an increase in the intracellular 
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space allowing water to move back into the cell. Kristensen and Purslow (2001) 
hypothesized that the postmortem degradation of the intermediate filament desmin, and the 
costameric proteins vinculin and talin may be related to the increase in water-holding during 
aging. Schafer et al. (2002) found the degradation of desmin and vinculin were not related to 
drip loss. In this study samples were not aged more than 24 h postmortem. The level of 
proteolysis of proteins such as desmin and vinculin after 24 h may be more important for the 
water-holding characteristics of meat during storage than proteolysis occurring prior to 24 h 
postmortem. In our study, the intensity of intact desmin, as identified by western blotting, at 
d 1 was highly correlated with sirloin purge loss after 7 d of storage (r = 0.491, P < 0.01). 
Therefore, samples with a lower intensity of intact desmin at d 1 had less purge loss than 
those samples with a high degree of intact desmin. Through further analysis, samples were 
divided into three groups based on the intensity of desmin at d 1. The group (n = 21) with 
the least intact desmin, not surprisingly also had the least purge loss (µ = 2.60%). Also, the 
group (n = 22) with the most intact desmin had the most purge loss (µ = 4.09%) and the final 
group was intermediate for both. Figure 4 represents samples taken from groups with either 
a high or low degree of intact desmin corresponding to a low and high percentage of purge 
loss, respectively. At d 5 (r = 0.285; P < 0.05) and d 7 (r = 0.292; P < 0.05) degradation of 
desmin was also correlated to sirloin purge loss. Drip loss after 1 d of storage (r = 0.249; P < 
0.05) and total drip loss after 5 d (r = 0.284; P < 0.05) were also correlated to desmin 
degradation at d 7. Rowe, Huff-Lonergan, and Lonergan, (2001 a) also reported 24 h drip to 
be correlated with desmin degradation. It appears degradation of desmin is related to the 
water-holding properties of meat. In the present study, water loss, measured as drip and 
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purge, was unaffected by treatments. Likewise, degradation of desmin (intensity of intact 
portion) was not influenced by dwell or scald times (Table 7). 
Warner-Bratzler shear force and troponin-T degradation 
Dwell time had a significant effect on WBS of the LD at d 1 and 3 (Table 8}. Scald 
time only significantly impacted WBS at d 7, as 5 min scald times had significantly lower (P 
< 0.05) WB S values. Overall, WB S values increased after 1 d of aging, but remained 
relatively unchanged from d 3 to d 7, which may be attributed to differences with purge loss 
among storage days. Samples ford 1 were vacuum packaged and frozen immediately after 
fabrication from the rest of the loin. The d 1 samples were not allowed to lose purge prior to 
freezing. As previously discussed, a greater percentage of drip loss occurred during the first 
day of storage than in the remaining days. An increase in the amount of water in the samples 
may have caused the WBS values to be lower in d 1 samples than in the remaining aging 
periods. However, cooking loss was not measured in the study so it is unclear how the 
amount of water in the samples affected the WB S results. It is important to remember 
samples for each aging period were taken from a specific location on the loin (Fig. 1). Using 
star-probe measurements, Lonergan and Prusa (2002) reported the blade portion of the loin as 
the most tender and displayed the smallest amount of variation compared to the center loin 
which was the toughest and had the greatest amount of variation. The sirloin end was 
intermediate for both. Therefore, differences in V'VB S values are confounded with sampling 
location and aging periods. Because comparisons are not normally made across days, the 
differences in WBS values over all the aging periods are of little significance to this study. 
Figure 5 depicts a Western blot of troponin-T loaded with a reference and three 
samples. The three samples have a high, medium, or low ratio of the degradation products 
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(28 & 30 kDa units) of troponin-T compared to the reference. The d 5 and d 7 WBS values 
are also given for the three samples. The 30 kDa polypeptide observed in Figure 5 is the 
degradation product of troponin-T (Ho, Stromer, &Robson 1994) and has been shown to be 
related to tenderness (MacBride &Parrish, Jr. 1977). An appearance of a 28 kDa band also 
been shown to be a further degradation product of troponin-T (Huff-Lonergan et al., 1996). 
In the present study, the relative intensity of the degradation products of troponin-T were 
unaffected by either dwell or scald time treatments (Table 9). 
Conclusions 
Previous studies examining slaughter processing rates have not set a constant time for 
postmortem carcass entry into the cooler. When time into the cooler is constant, as in the 
present study, it appears time to evisceration has minimal effects on quality. Therefore, 
minimizing time into the cooler seems to be more important than time to evisceration. A 
shortened interval between stunning and cooling can be accomplished through a minimized 
time to evisceration. A dwell time of 3 min should allow harvest facilities to maximize 
profits from blood yields and allow carcasses to enter the scalder at an earlier time 
postmortem. Lengthening the duration of scalding has the potential to accelerate glycolytic 
metabolism. A reduction in the time a carcass spends in the scald tank may lead to increased 
time spent scraping/singeing the carcass. This will depend mostly on the breed type and the 
season of the year. It is recommended that each individual processing facility monitor scald 
times to determine the appropriate length of time needed to maximize hair removal and 
minimize time spent on the slaughter floor. Further studies need to be conducted to 
determine what impact lengthened scalding, in conjunction with a delayed entry into the 
cooler, will have on early postmortem metabolism and ultimate pork quality. 
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Table 1. 
Least squares means for live weight, hot carcass weight (HCWT), dressing percentage, and 
the interval between sticking and stunning. Standard error of the means is listed in 
parenthesis. 
Group 1 Group 2 Group 3 Group 4 
n 
Live Wt (kg) 
HCWT (kg) 
Dressing % 
Stun to stick interval 
(sec) 
16 16 16 16 
113.6 { 1.11) 113.3 (1.44) 113.6 (0.96) 114.3 (0.94) 
88.2 (0.92) 87.7 (0.96) 87.5 {0.80) 88.5 (0.87) 
77.6% (0.02) 77.4% (0.00} 77.1 % (0.00) 77.4% (0.00) 
49.4 (1.3 8) 47.8 (1.24) 45.9 { 1.10) 47.3 { 1.22) 
No significant differences were found at the P < 0.05 level. 
102 
Table 2. 
Least squares means for percentage of blood, based upon the amount collected and the live 
weight of the animal, during the first five minutes after sticking. 
Time after 
sticking (min) 
0-1 
1- 2 
2 —3 
3 —5 
TOTAL 
% of Blood 
Collected SEM 
% of Blood based 
on Live Wt. SEM 
90.77 0.56 3.22 0.043 
7.3 3 0.43 0.26 0.017 
1.33 0.15 0.05 0.005 
0.57 0.08 0.02 0.003 
100 3.55 0.047 
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Table 3. 
Least squares means and standard errors of the time taken from stunning to opening of the 
carcass (initiation of evisceration) in minutes for each treatment group with the 
corresponding temperature (°C) and pH of the longissimus dorsi at 45 min postmortem 
(measured at the last rib on the right side of the carcass). 
LD Temp LD pH 
Interval SEM 45 min * SEM 45 min * SEM 
Group 1 a 
Group 2b
Group 3~ 
Group 4d
31:59 0:43 . 35.54 0.44 6.17 0.07 
27:49 0:17 36.01 0.38 6.30 0.06 
25:56 0:12 36.12 0.35 6.21 0.06 
23:59 0:21 35.66 0.34 6.29 0.05 
*No significant differences were found at the P < 0.05 level. a 10 min dwell time and 8 min scald time. b 10 min dwell time and 5 min scald time. 
5 min dwell time and 8 min scald time. d 5 min dwell time and 5 min scald time. 
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Table 4. Least squares means of Hunter L*, a*, and b* values at one day postmortem and 
saturation and hue angle values for the longissimus dorsi (a), semimembranosus (b), and 
biceps femoris (c). 
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Table 4a. 
Least squares means of Hunter, saturation and hue angle values for the longissimus dorsi. 
L* a* b* Saturation Hue angle 
Dwell - 5 min 
Dwell - 10 min 
Scald - 5 min 
Scald - 8 min 
56.96 3.03 15.72 16.03 
56.21 3.30 15.33 15.72 
56.06 2.702 15.252 15.04 
57.10 3.64y 15.80y 16.25 
1.38 
1.36 
1.40y 
1.352
Std. Error 0.649 0.191 0.185 0.286 0.009 
For dwell comparisons within a column, no significant differences were found at the P < 0.05 level. 
yZ For scald comparisons within a column, means without a common superscript differ (P < 0.05). 
Table 4b. 
Least squares means of Hunter, saturation and hue angle values for the semimembranosus. 
Dwell - 5 min 
Dwell -10 min 
Scald - 5 min 
Scald - 8 min 
Std. Error 
L* a* b* Saturation Hue angle 
52.13 6.72 16.29$ 17.66a 1.18 
51.52 6.20 15.52b 16.74b 1.20 
52.29 6.38 16.14 17.39 1.20 
51.36 6.54 15.67 17.01 1.18 
0.443 0.234 0.192 0.285 0.010 
ab For dwell comparisons within a column, means without a common superscript differ (P < 0.05). 
For scald comparisons within a column, no significant differences were found at the P < 0.05 level. 
Table 4c. 
Least squares means of Hunter, saturation and hue angle values for the biceps femoris. 
L * a * b * Saturation Hue angle 
Dwell - 5 min 
Dwell -10 min 
Scald - 5 min 
Scald - 8 min 
Std. Error 
53.03 8.04$ 17.12a 18.94$ 1.13b
52.53 7.12b 15.98b 17.53b 1.15a 
53.28 7.36 16.69 18.27 1.16y 
52.28 7.80 16.41 18.20 1.132
0.645 0.164 0.231 0.295 0.006 
ab For dwell comparisons within a column, means without a common superscript differ (P < 0.05). 
'~ For scald comparisons within a column, means without a common superscript differ (P < 0.05). 
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Table 5. 
Least squares means of subjective quality analysis measurements for the longissimus dorsi by 
a trained panel (n = 3). 
NPBa JCS`a Firmness Wetnessb 1V~arbling~ 
Dwell — 5 min 2.5 2.3 1.8 1.8 1.6 
Dwell —10 min 2.6 2.5 1.9 2.1 1.7 
Scald — 5 min 2,6 2.4 1.9 2.0 1.6 
Scald — 8 min 2.6 2.4 1.9 1.9 1.6 
Std. Error 0.07 0.07 0.05 0.06 0.07 
No significant differences were found at the P < 0.05 level. 
8NPB and JCS color scores are based on a 1 (pale) to 6 (dark) scale. 
bFirmness and wetness values are based on a 3-point scale (1 =soft, wet; 3 =firm, dry). 
Marbling scores are correlated to the amount of intramuscular lipid. 
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Table 6. Least squares means for drip loss (a) in the longissimus dorsi and purge loss (b) in 
the sirloin, semimembranosus, and biceps femoris. 
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Table 6a. 
Least squares means of drip loss in the longissimus dorsi after one and five days of aging. 
Means are given as the average percentage loss on two 2.54 cm chops for each carcass in the 
group. 
IJay 1 Day 5 
5 min Dwell 
10 min Dwell 
5 min Scald 
8 min Scald. 
2.16% 4.10% 
2.09% 3.93% 
2.06% 3.99% 
2.18% 4.04% 
Std. Error 0.25 0.25 
No significant differences were found at the P < 0.05 level. 
Table 6b. 
Least squares means of purge loss in the sirloin, semimembranosus (SM), and biceps femoris 
(BF) after 7 days of storage in a vacuum bag. 
Sirloin SM BF 
5 min Dwell 
10 min Dwell 
5 min Scald 
8 min Scald 
3.60% 3.50% 3.10% 
3.14% 3.37% 3.17% 
3.40% 3.49% 3.39% 
3.34% 3.39% 2.87% 
Std. Error _ 0.20 0.22 0.22 
No significant differences were found at the P < 0.05 level. 
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Table 7. 
Least squares means for densitometric analysis of the relative intensity of intact desmin 
compared to a control over three aging periods. 
Day 1 Day S Day 7 Std. Error 
Dwell — 5 min 
Dwell —10 min 
Scald — 5 min 
Scald — 8 min 
0.846 0.532 0.516 0.004 
0.861 0.510 0.528 
0.862 0.517 0.487 
0.845 0.525 0.556 
No significant differences were found at the P < 0.05 level. 
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Table 8. 
Least squares means of Warner-Bratzler shear force values (kg) over all aging periods. 
Day 1 Day 3 Day 5 Day 7 Std. L~'rror 
Dwell — 5 min 
Dwell — 10 min 
Scald — 5 min 
Scald — 8 min 
2.94b
3.34$
3.19 
3.09 
3.39b
3.78a
3.52 
3.65 
3.45 
3.59 
3.44 
3.61 
3.49 
3.68 
3.422
3.76y
0.12 
ab For dwell comparisons within a column, means without a common superscript differ (P < 0.05}. 
yZ For scald comparisons within a column, means without a common superscript differ (P < 0.05). 
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Table 9. 
Least squares means for densitometric analysis of the relative intensity of the troponin-T 
degradation products (28 & 30 kDa units) compared to a control over two aging periods. 
Day 5 Day 7 Std. Error 
Dwell — 5 min 
Dwell —10 min 
Scald — 5 min 
Scald — 8 min 
0.255 0.461 0.077 
0.317 0.454 
0.275 0.676 
0.297 0.540 
No significant differences were found at the P < 0.05 level. 
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Figure 1. Location of samples along the loin used for quality analysis. 
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Figure 1. 
Hip Packet 
Center Loin 
~~`£ ~~ Sample far purge loss (cut 2.54 cm anterior to the hip bone pocket) b i»~ ~+ 
® Samples for drip loss, color, and subjective analysis 
~ Samples aged 1 to 7 d (D 1, D3, D5, D7} for Warner-Bratzler shear force analysis 
~ ~ Samples aged 1 to 7 d (D1, D3, D5, D7} far proteolysis determination 
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Figure 2. Least squares means for pH in the longissimus dorsi, measured at the last rib, at 45 
minutes, 2, 4, 6, and 24 hours and ham pH in the semimembranosus at 45 minutes, 2, 4, 6, 
and 24 hours postmortem and the biceps femoris (BF) at 24 hours postmortem. For dwell 
comparisons within a time point, no significant difference was found at the P < 0.05 level. 
yZ For scald comparisons within a time point, means without a common subscript differ (P < 
0.05). 
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Figure 2a. 
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Figure 2b. 
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Time 
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Figure 3. Least squares means for temperature (in degrees Celsius) of the longissimus dorsi, 
measured at the last rib, immediately after the carcass was removed from the scalder 
(scalding) and at 45 minutes, 2, 4, 6, and 24 hours postmortem and of the ham in the 
semimembranosus at 45 minutes, 2, 4, 6, and 24 hours postmortem and in the biceps femoris 
(BF) at 24 hours postmortem. ab For dwell comparisons within a time point, means without a 
common subscript differ (P < 0.05). yZ For scald comparisons within a time point, means 
without a common subscript differ (P < 0.05 ). 
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Figure 3a. 
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Figure 4. Western blot of desmin after 1 day of aging depicting the intensity differences 
between samples with a low intensity (LI) or a high intensity (HI) of intact desmin with the 
corresponding purge loss values (stored for 7 days). The ratio of the intact portion compared 
to a reference is given for each sample. 
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Figure 4. 
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Figure 5. Western blot of troponin-T, after five days of aging, depicting the intensity 
differences between samples with a high, medium, and low ratio of the degradation products 
compared to a reference. Warner-Bratzler shear force values at day seven postmortem are 
given for each sample. 
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Figure 5. 
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EVALUATION OF POSTMORTEM CARCASS ATTRIBUTES TO PREDICT 
ULTIMATE PORK QUALITY 
A manuscript to be submitted to Meat Science 
M.A. Gardner 
Abstract 
Sixty-four Duroc X Yorkshire pigs were harvested to determine the predictive value 
of measurements of pH, temperature, proteolysis, and subjective analysis on the ultimate 
quality of pork loin and ham muscles. The pigs were of similar genetics and were handled 
similarly prior to and after slaughter. pH in the longissimus dorsi (LD) and 
semimembranosus (SM) were more highly correlated to measures of color, drip loss and 
subjective quality appraisal than temperature of the muscles. The most important time point 
for predicting water-holding capacity (WHC) was 6 h postmortem using measurements of pH 
and temperature. In this study, a relationship was found between V~i~HC and color analysis 
through both instrumental and subjective appraisal. L* and b* values in the LD were 
significantly correlated to postmortem proteolysis of myofibrillar proteins. Temperature was 
a more important factor for predicting tenderness and proteolysis than pH. During the early 
postmortem period, no relationship existed between temperature and Warner-Bratzler shear 
force measurements (WB S) or proteolysis. At 4 h and subsequently thereafter, temperature 
was correlated to WBS and proteolysis measurements following aging. 
Keywords: Pork quality, prediction, pH, temperature, proteolysis 
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Introduction 
Even in the absence of the Halothane and Rendement Napole genes, genetic selection 
for improved leanness and feed efficiency by pork producers can lead to decreased pork 
quality (Lonergan, Huff-Lonergan, Rowe, Kuhlers & Jungst, 2001). This genetic selection 
can result in an improved profitability for producers, but a reduction in economic gains for 
meat processors. Selection of pork for export markets and domestic premium programs can 
improve profitability for U.S. meat processors. Selection of this pork can occur using 
various attributes and at various postmortem times. The rate and extent of pH decline are 
two attributes most frequently used to predict ultimate pork quality. Homer and Matthews 
(1998) suggested measuring pH at 45 min postmortem would allow facilities to identify 
inferior pork prior to fabrication. 
pH is not the only determinant of quality, as pale, soft, and exudative (PSE) 
conditions can be induced by a reduced rate of chilling (VVismer-Pedersen & Briskey, 1961). 
Temperature appears to play a key role in glycolytic metabolism. The rate of glycogen 
depletion (Klont, Talmant, & Monin, 1994) and lactic acid production (van der Wal & 
Eikelenboom, 1984) has been shown to increase with rising temperatures. Measurements of 
pH and temperature on the slaughter floor, in the chilling chamber, and on the fabrication 
floor may aid in the determination of premium or inferior pork. Subjective appraisal of pork 
prior to packaging may also contribute to selection guidelines. 
The selection of pork into premium programs will likely be based on three main 
quality variables. Color is a characteristic often used by consumers to distinguish between 
high and low quality pork (Jeremiah, 1994; Topel, Miller, Berger, Rust, Parrish, Jr. Bi Ono, 
1976). Tenderness is an important sensory attribute of pork. Finally, as meat is 
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approximately 75% water (Offer & Trinick, 1983), the V~i~HC of meat is very important from 
an economical standpoint for meat processors. With a significant proportion of U.S. 
domestic pork being injected with water, salt, and phosphate solutions in order to improve 
profitability and the meat's eating quality, WHC continues to significantly impact processing 
quality and yield. 
Previous authors have predicted ultimate pork quality through postmortem carcass 
attributes. Kauffman, Sybesma, Smulders, Eikelenboom, Engel, van Laack, Hoving-Bolink, 
Sterrenburg, Nordheim, Walstra, and van der Wal (1993) examined the predictive value of 
measurements taken at 45 min postmortem on light reflection (color) and WHC. ,The authors 
found pH could adequately assign groups of carcasses into quality categories, while light 
reflectance, temperature and degree of rigor onset did not, However, pH at 45 min 
postmortem was only accurate 52% of the time in grouping carcasses in the five quality 
categories used by the authors. It appears additional measurements are needed along with pH 
to select carcasses into quality groups. Schafer, Rosenvold, Purslow, Andersen, and Henckel 
(2002) found pH taken at 2 h and a temperature measurement at one min postmortem 
explained 94% of the variation in drip loss. However, in these studies quality variations were 
introduced by antemortem exercise (Sch" er et al., 2002) and postmortem selection based on 
rigor development and pH at 30 min (Kauffman et al., 1993). van der Wal, de Vries and 
Eikelenboom (1995), on the other hand, used a random sample of pork carcasses to predict 
quality by early (45 min) and late (20 & 24 h) postmortem measures. The authors found pH 
at 45 min was a more accurate indicator of drip loss than light reflectance, but overall quality 
determination was strengthened with the addition of late postmortem measurements. 
Intermediate time points, however, were not included in this study. The objectives of the 
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current study are three-fold: 1) Deternune the relationship and predictive value of pH and 
temperature at various postmortem times on quality in the loin and ham; 2) Determine the 
relationship between quality measurements and the extent the use of subjective appraisal of 
quality can improve predictive equations; and 3) Determine the specific time points most 
important for solving problems with WHC, color and tenderness. Quality variation was not 
induced in the study as all animals were subjected to similar pre and post-harvest conditions. 
Materials and Methods 
Animals 
Sixty-four Duroc X Yorkshire gilts (n = 32) and barrows (n = 32) were harvested 
using humane practices at the Iowa State University Meat Laboratory, Ames, IA. All pigs 
were harvested at approximately 113 kg. All pigs originated from the same farm and were 
held in lairage without feed overnight. Four harvest groups (16 pigs per wk) over a 4 wk 
period during the month of June were used. For analysis in a previous study, barrow and gilt 
carcasses were randomly assigned to a 2x:2 treatment arrangement, varying in the interval 
between sticking and scalding (5 or 10 min) and duration of scalding (5 or 8 min). Pigs were 
immobilized using a head only Best and Donovan Model "ES" electric hog stunner 
(Cincinnati, OH) at 300 V for 3-4 s. 
Scalding conditions 
A11 carcasses were held in an Oscar Baumann GmbH Co. type BM 20 scald/dehairing 
tank (Pioneer Food Equipment; Pennsgrove, NJ) at 61 °C. Depress S, silicone anti-foam 
(DuBois Chemicals: Sharonville, OH) was added to the water to aid in foam reduction and 
hair removal. The hair was mainly removed by rotating paddles, which ran on a 5 min cycle. 
For the last 3 min a passive treatment, without paddle rotation, was used for carcasses in the 
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8 min scald treatments to prevent excessive physical damage to the carcass. After removal 
from the scald tank, carcasses were scraped with a knife and singed to remove any remaining 
hair. Following singeing, carcasses were showered with cold water and eviscerated. The 
time at the start of evisceration (Timeeris) was recorded on all carcasses. All carcasses entered 
the cooler at 50 min postmortem. 
Temperature and pH 
Core temperature of the longissimus (LD) at the last rib on the right side of the 
carcass was measured immediately after the carcass was taken out of the scald tank (To) using 
an Electro-therm IT670A thermometer (Cooper Instrument Corp.; Middlefield, CT). Core 
temperature of the LD (at the last rib) and the semimembranosus (SM) on the right side of 
the carcass were also measured at 45 min (To,$), 2 (TZ), 4 (T~, and 6 (T6) h postmortem. pH 
of the LD (at the last rib) and the semimembranosus (SM) on the right side of the carcass 
were measured at 45 min (pHo,$), 2 (pH2), 4 (pH,), and 6 (pHb) h postmortem. Ultimate 
temperature (T~) and pH (pI~,) values were also deternuned in the LD, SM, and the biceps 
femoris (BF) at 24 h postmortem on the left side of the carcass. Starting at 45 min 
postmortem, temperature measurements were taken with a Thermocouple Thermometer Dual 
J-T-E-K Model No. 600-1040 (Barnant Company; Barrington, IL). pH was measured with a 
pH-Star probe (SFK Technology, Inc.; Kolding, Denmark). The pH probe was calibrated for 
temperature at each time period, using two buffers (pH 4.0 and pH 7.0), and was checked 
after measurement on each carcass. 
Sample collection 
At 24 h postmortem samples, from the LD, SM, and BF were excised from the left 
side of the carcass. Two 2.54 cm thick LD chops were removed approximately 2.54 cm 
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anterior to the hipbone pocket. These samples were used for color, drip loss, and subjective 
analysis. From a point immediately anterior to the previously mentioned LD chops, four 
2.54 cm thick chops were removed for tenderness analysis. Anterior to each tenderness 
chop, a 0.5 cm thick sample was taken for proteolysis analysis. A 2.54 cm cut was removed 
from the posterior end of the SM for color analysis. The remainder of the SM was used for 
purge analysis. A 2.54 cm cut was also removed from the center portion of the BF for color 
analysis and the remainder was used for purge analysis. 
Color and subjective quality analysis 
Hunter L*, a*, and b* values were determined at d 1 postmortem on 2.54 cm thick 
cuts from the LD, SM, and BF. LD chops were removed from the sirloin end of the loin, 
approximately 2.54 cm anterior to the hipbone pocket. Samples were allowed to bloom at 
room temperature for a minimum of 1 h and were analyzed on a calibrated Hunter lab 
Labscan colorimeter (Hunter Associated Laboratories Inc.; Reston, ~A). A CIE D — 65 10° 
standard observer, and a 1.27 cm viewing port were used to obtain 4 color measurements on 
each of two LD chops. A118 color measurements were used to determine an average color 
score for the LD on each carcass. For the SM and BF, 5 and 4 measurements, respectively, 
were taken on one cut from each muscle to determine an average color value. 
Subjective color scores and appraisal of firmness, wetness, and marbling were 
determined at 24 h postmortem on the same LD chops used for Hunter analysis. A trained 
panel (n = 3) used both the NPB (1 =pale, 6 =dark) and Japanese (JCS) (1 =pale, 6 =dark) 
standards to determine an average color score for each loin. Firmness and wetness were 
evaluated on a three-point scale (National Pork Board, 2000) (1 =soft and wet, 3 =firm and 
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dry). Marbling values were based on National Pork Board standards correlated to the 
concentration of intramusclular lipid. 
Water-holding capacity 
Drip loss in the LD and purge loss in the sirloin, SM, and BF were used as indicators 
of WHC. Drip loss was measured in duplicate using the previously mentioned LD chops 
during 5 d of storage at 1 °C in a plastic bag under atmospheric conditions. The initial 
weight of the chops was recorded after towel drying the chops prior to storage to remove 
excess surface moisture. After 1 d of storage, samples were removed from their individual 
bags, towel dried, and weighed. The chops were then placed in new bags and stored for the 
additional 4 d. After 5 d of storage, chops were again towel dried and weighed. Drip loss 
was determined after 1 d (Drips) of storage and total drip loss was determined after 5 d 
(Drips). Drip loss was calculated as follows: 
(Initial wt. chop #1 +Initial wt. chop #2) —(Final wt. chop #1 +Final wt. chop #2) 
Initial wt. of cho #1 +Initial wt. of cho #2 X 100 P P 
Purge loss was measured on the sirloin, SM, and BF after 7 d of storage at 1 °C in a 
vacuum bag. Prior to storage, samples were towel dried to remove excess surface moisture, 
weighed to determine initial weight, and vacuum packaged. After storage, samples were 
removed from their packaging, towel dried, and weighed. Purge loss was calculated as 
follows: 
(Initial wt. of sample —Final wt. of sample) 
Initial wt. of sample X 100 
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Warner-Bratzler shear force 
WB S values were used as indicators of overall tenderness. Four 2.54 cm LD chops 
were removed and stored in a vacuum bag at 1 °C for 1 (WB S 1), 3 (WB S3), 5 (VVB SS), and 7 
(WB S,) d postmortem. After aging, chops were frozen in a —20 °C blast freezer until needed 
for tenderness analysis. The chops were then thawed at 4 °C and broiled to an internal 
temperature of 35 °C, turned over and cooked until an internal temperature of 71 °C was 
reached. After broiling, the chops were cooled overnight at 4 °C prior to measurement. The 
chops were allowed to equilibrate at room temperature before coring. Four 1.27 cm diameter 
cores were removed parallel to the muscle fibers from each chop. WB S measurements were 
obtained using a TA.TX2 Texture Analyzer (Texture Technologies Corp.; Scarsdale, NY). 
The tests were performed using aWarner-Bratzler probe and Guillotine Set number TA-7B 
USDA. The probe was progran:lmed to be lowered 30 mm from the point of resistance. The 
penetration speed was set at 3.3 n1m/s with apost-test speed of 10 r~~m/s and apre-test speed 
of 2.0 mm/s. 
Whole muscle sample preparation 
To monitor protein degradation, troponin-T and desmin were selected as indicators of 
overall proteolysis. Samples were removed from the LD immediately anterior to the 
corresponding WBS samples, placed in a vacuum bag at 1 °C, and frozen at —20 °C at 1, 3, 5, 
and 7 d postmortem. Samples from 1 (Desminl), 5 (Desmins), and 7 (Desmin,) d postmortem 
were used for desmin analysis and samples from 5 (troponin-TS) and 7 (troponin-T,) days 
were used for troponin-T analysis. Awhole-muscle extraction procedure from Huff- 
Lonergan, Mitsuhashi, Beekman, Parrish, Jr., Olson, and Robson (1996) was used to 
solubilize proteins. A 0.2 g sample of frozen muscle tissue from each LD sample was 
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homogenized using a 30 ml Potter-Elvehjem tissue grinder with a PTr~E pestle (Wheaton 
Science; Millville, NJ). Samples were homogenized on high speed for 15 strokes with 5 ml 
of extraction buffer (2% sodium dodecyl sulfate (SDS) and 10 mM phosphate, pH 7.0). The 
homogenates were centrifuged at 1,500 X g for 15 min at 20 °C using a Sorvall Legend RT 
centrifuge (Sorvall Products, L.P.; Newton, CT). A modification to the method developed by 
Lowry, Rosebrough, Farr, and Randall (1951) was used to determine the protein 
concentration using premixed reagents (DC Protein Assay; Biorad Laboratories; Hercules, 
CA). Gel samples were prepared by diluting the whole muscle extract to 6.4 mg protein/ml. 
A sample/buffer tracking dye solution (3rrill/I EDTA, 3% SDS, 30% glycerol, 0.001 % 
Pyronin Y, and 30 rr~/I Tris — HCl pH 8.0) (Wang, 1982) and 0.1 vol 2 — mercaptoethanol 
was used to bring the sample to a final protein concentration of 4 mg protein/ml. The 
samples were then heated at 50 °C for 20 min and frozen at —80 °C. 
5DS-Page system and running conditions 
Whole-muscle protein samples were fractionated using a modified method from Huff- 
Lonergan, Parrish Jr., and Robson (1995). For troponin-T analysis, 15% polyacrylamide 
separating gels [acrylamide/bis (100:1 acrylamide: N, N' —bis-methylene acrylamide), 0.1 % 
[wtivol] SDS, 0.05% [wtivol] ammonium persulfate CAMPER), and 0.05% [wtivol] N, N, N', 
N' — Tetramethylenediamine (TEMED), 0.375 M Tris —HCI, pH 8.8] were used. For desmin 
analysis, 10% polyacrylamide separating gels [acrylamide/bis (100:1 acrylamide: N, N' —bis 
—methylene acrylarnide), 0.1% [wtivol] SDS, 0.05% [wtivol] AMPER, and 0.05% [wtivol] 
TEMED, 0.375 M Tris —HCI, pH 8.8] were used. Both systems used a 5% polyacrylamide 
stacking gels [acrylamide/bis (100:1 acrylamide/ bisacrylamide), 0.1 % [wtivol] 5DS, 0.075% 
[wtivol] A,MPER, 0.125% [wt/vol] TEMED, and 0.125 M Tris —HCI, pH 6.8]. Troponin-T 
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gels were loaded with 20 µg protein. A control sample from porcine LD (aged ? d) was also 
loaded (20 µg protein) on each gel as a reference for degradation. Gels (10 cm wide X 12 cm 
tall X 1.5 mm thick) were run at a constant voltage (120 V) for approximately.4.5 h on a 
Hoefer SE 280 system (Amersham Pharmacia Biotech; San Francisico, CA). Desmin gels 
were loaded with. 30 µg protein. A control sample from porcine LD (aged 7 d) was loaded 
(30 µg protein) on each gel as a reference for the intact portion of desmin. Gels (10 cm wide 
X 10.5 cm tall X 1.5 mm thick) were run overnight at a constant voltage (30 V) for 
approximately 14 h on a Hoefer SE 260 system (Amersham Pharmacia Biotech). The 
running buffer used in both systems consisted of 192 mM glycine, 0.1% [wdvol] SDS, and 
25 mM Tris pH 8.3. 
Transfer conditions 
All proteins were transferred using a modified method from Huff-Lonergan et al. 
(1996) onto Westran polyvinylidene fluoride (PVDF) protein transfer and sequencing 
membranes (Schleicher and Schuell, Inc; Keene, NIA. The membranes were prewet in 100% 
methanol. Membranes were then placed in transfer buffer (25mM Tris, 192 mM glycine, and 
15% [voUvol] methanol). Transfer of proteins was conducted using a Hoefer TE22 transfer 
tank (Amersham Pharmacia Biotech) at a constant voltage (90 V) for 1.5 h. A Lauda ECO — 
Line RE 106 Refrigerating Circulator (Brinkmann Instruments, Inc.; Westbury, NY) set at 
0.4 °C was used to maintain the temperature of the transfer buffer between 4 and 8 °C. 
Western blotting procedure 
Detection of troponin-T and desmin was achieved using a modified procedure from 
Huff-Lonergan et al. (1996). After transfer, membranes were incubated in 5% [wdvol] non- 
fat dry milk dissolved in 80 mM NaZ HPO,, 20 mM NaH2P0,, 100 mM NaCI, and 0.1% 
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[wtivol] polyoxyethylene 20 sorbitan monolaurate [Tween — 20] (PBS-Tween) for 1 h at 
room temperature. After removal from the blocking solution, membranes were incubated for 
1 h at room temperature in PBS —Tween, containing either monoclonal primary troponin-T 
antibody (cat #T6277 clone JLT —12, Sigma Chemical Co.; St. Louis, MO) at a dilution of 
1:15,000 or polyclonal primary rabbit antidesmin antibody (cat. #V2022, Biomedia Corp.; 
Forest City, CA) at a dilution of 1:10,000. All blots were then washed three times (10 min 
per wash) in PBS —Tween. Membranes were then incubated for 1 h at room temperature in 
PBS —Tween, containing either goat anti-mouse IgG secondary antibody conjugated with 
horseradish peroxidase (cat. #A2554, Sigma Chemical Co.; St. Louis, MO) at a dilution rate 
of 1:5,000 for troponin-T analysis or goat anti-rabbit conjugated with horseradish peroxidase 
(cat. #A9169, Sigma Chemical Co., St. Louis, MO) secondary antibody at a dilution of 
1:5,000 for desmin analysis. All membranes were then washed three times in PBS —Tween 
for 10 min per wash. Detection was completed by chemiluminescence with ECL —Plus RPN 
2132 Western Blotting reagents (Amersham Life Science; Arlington Heights, IL). 
Chemiluminescence was detected and documented using a ChemiImager 5500 v 3.04E 
(Alpha Innotech Corp.; San Leandro, CA) with a 16 bit mega pixel CCD camera 
FluorChemTM 8800 (Alpha Innotech Corp.; San Leandro, CA) and F1uorChemTM IS-8800 
software (Alpha Innotech Corp.; San Leandro, CA). Densitometric measurements were also 
completed using the FluorChemTM IS-8800 software. Values reported for troponin-T 
analysis are based on the relative intensity of a sample's degradation products (28 & 30 kDa 
units) compared to the degradation products of the reference sample. For desmin, the intact 
portion was compared to a reference. Therefore, desmin samples with little degradation will 
have higher values (~ 1.0), while the opposite is true of troponin-T samples. 
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Statistical analysis 
All data were analyzed using SAS Version 8.2 (Cary, NC) and significance 
correlations are reported at the P < 0.05 level. Pearson correlations were performed on 
continuous variables and spearman rank correlations were used for variables that were 
discrete in nature. Stepwise regression analysis was used to determine prediction models for 
pork quality measures. Variables were allowed to enter the model when P > F values were 
significant at the P < 0.05 level. Partial and model R2 are given to determine the predictive 
ability of the variables on quality measurements. R-square regression was used to determine 
the effect individual variables had on the variation in pork quality attributes. 
Results 
Carcass characteristics and pHltemperature decline 
Table 1 lists the means, minimums, maximums and standard deviations for carcass 
characteristics, measurements used for prediction analysis, and ultimate pork quality 
measures. The average live weight of the animals overall was 113.68 ± 4.42 kg with an 
average carcass weight of 87.95 ± 3.40 kg. Differences in bleeding and scalding rates led to 
a variation in the time taken to evisceration (21.62 to 41.2 min). The average time taken to 
the start of evisceration was 27.43 ± 3.43 min. Even though TimeeV1S varied, the time into the 
cooler remained constant at 50 min postmortem for all animals. 
The average temperature in the LD was 39.89 °C and 35.83 °C, at To and T 0_75, 
respectively. After 24 h, the carcasses had been cooled to an average temperature of 2.10 °C 
in the LD. The temperature of the SM was higher and more variable than the LD at every 
time point. At 45 min postmortem, the pH in the LD ranged from 5.73 to 6.65, with an 
average of 6.24. The ultimate pH (at 24 h) in the LD was 5.56, which was slightly lower 
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than the 5.60 and 5,62 found in the SM and BF, respectively. The pH of the SM was also 
slightly higher at 45 min (6.26) than in the LD, but showed a greater range from 5.34 to 6.87. 
Color and subjective analysis 
The LD had an average L* value of 56.58, which was higher than both the BF (52.78) 
and SM (51.83) (Table 1). On average, BF muscles were the reddest and most yellow of the 
three. The LD had the lowest a* and b* values, with the SM being intermediate for both. In 
the LD, NPB and JCS color scores ranged from 1 to 4 with an average of 2.6 and 2.4, 
respectively. On average, LD chops were found to be slightly soft and wet with scores of 1.9 
and 2.0 for firmness and wetness, respectively. None of the LD samples showed a high 
degree of marbling, with an average score of 1.6 and a maximum of 3.0. 
Water-holding capacity and Warner-Bratzler shear force analysis 
Drips varied from 0.56 to 5.37% (µ = 2.12), while Drips ranged from 1.53 to 7.70% (µ 
= 4.02). On average, more than fifty percent of the drip loss during the 5 d storage period 
was obtained after 1 d of storage. Purge loss was the lowest in the BF, but the BF also 
showed the most variation (± 1.55) among the three locations used for purge analysis. The 
average WB S across aging periods is confounded by sample location and storage time. Far 
this reason, comparisons will not be made across days. Only the correlations and predictions 
for each individual aging period will be reported. 
Correlations between postmortem carcass measurements and quality analysis 
pH 
Measurements of LD pH were significantly correlated (P < 0.05) to all of the Hunter 
values in the LD at every time point (Table 2). The pH o , s  in the LD had the highest 
correlations to the three Hunter values compared to the other time points. Similar 
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correlations, for pH075 and L* values were found by Van Oeckel, Warrants and Boucque 
(1999). The authors found a slightly weaker, but significant, relationship for b* values and 
pI-~,s than in the present study and no correlation was found for a* values. Subjective color 
measurements in the LD were correlated (P < 0.05) to pH up to 6 h postmortem, but not with 
pHu (Table 3 ). This contrasts to a study conducted by Huff-Lonergan, B aas, Malek, Dekkers, 
Prusa and Rothschild (2002) who found a significant relationship between pHu and subjective 
color. In the SM, pH measurements taken at later times postmortem were more highly 
correlated to Hunter L*, a*, and b* values (Table 4) than those at earlier times. After 4 h, 
SM pH was significantly correlated (P < 0.01) to Hunter a* and b* values and this 
relationship remained through 24 h postmortem. L* values in the SM were not significantly 
correlated (P < 0.01) to pH until 24 h postmortem. In the BF, L* values were highly 
correlated to early (pHo,s and pH2) pH values in the SM and late (24 h) pH measurements in 
the BF, but not to intermediate pH measures. 
Drips and Drip$ in the LD and purge loss in the sirloin were found to be significantly 
correlated to pH at every time point (Table 2). However, very few significant correlations 
were found between pH in the LD, WBS, and proteolysis measurements. Firmness and 
wetness values were significantly correlated (P < 0.01) to pH in the LD at every postmortem 
time (Table 3). 
Temperature 
Temperature of the LD demonstrated lower correlations to measurements of color and 
drip loss than pH values. Hunter L* and a* values of the LD were not correlated to 
temperature in the LD at any time point (Table 5). LD b* values were only correlated (P < 
0.05) to To,s and Tu. Subjective color analysis was not correlated to temperature of the LD at 
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any time postmortem (Table 6). Drips and Drips were correlated (P < 0.01) to To, but not at 
later time points. Similarly, Schafer et al. (2002) found loin temperature at 1 min 
postmortem along with pH at 2 h explained 89% of the variation in drip loss. The duration of 
scalding (5 or 8 min) may have influenced the effects of temperature at scalding on drip loss. 
Sirloin purge was also correlated (P < 0.01) to To, T4, T6, and Tu. wBS and proteolysis 
measurements were not related to temperature of the LD prior to 4 h postmortem. However, 
T4, T6, and Tu of the LD were correlated (P < 0.05) to WBS1, WBS3, Desminl, and Troponin-
Ts. Firmness and wetness values were related (P < 0.05) to To and wetness was correlated to 
T6. SM a* values were also correlated to SM To,s (Table 7). Hunter L* and b* values in the 
SM were not correlated to temperature and no relationship was found between Hunter values 
in the BF and temperature in the SM and BF at any time point. Purge loss in the SM and BF 
were significantly correlated (P < 0.01) to SM T6. Sirloin purge loss was also highly 
correlated to T6 in the LD (Table 5). T4 of the SM was also correlated (P < 0.05) to purge 
loss in the BF. 
Correlations among quality variables 
Table 8 indicates the relationships between instrumental color analysis, proteolysis 
and V~iTHC and WBS values. L* values in the LD were highly correlated (P < 0.01) to drip 
loss at both postmortem times. Hunter b* values were also correlated (P < 0.05) to Drip1 and 
Drips, but a* values were only correlated to Drips. L* and b* values were correlated (P < 
0.05) to sirloin purge loss, but no relationship was found between purge and a* values. WBS 
measures were not correlated to any of the Hunter color measurements. Desmin degradation 
was not correlated to drip loss until samples were analyzed for degradation at 7 d 
postmortem. Degradation of desmin at 1 d postmortem was highly correlated (P < 0.01) to 
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purge loss in the sirloin and a significant relationship remained until ? d postmortem. Very 
few relationships were found between troponin-T degradation and WHC, as troponin-TS to 
sirloin purge loss was the only significant (P < 0.05) correlation. Troponin-T degradation 
was also not correlated to WB S values at any time point. On the other hand, Desmin, was 
correlated to WBS3, WBSS, and WBS,. Desmins was also correlated to WBS3 and WBSS, but 
no relationship was found between Desminl and any of the WBS measures. Wheeler, 
Shackelford, and Koohmaraie (2000) found desmin degradation was significantly correlated 
to sensory tenderness scores in the SM and BF, but not in the LD, triceps brachii or 
semitendinosus. Rowe et al. (2001) reported WB S values in the LD were correlated to 
desmin degradation. 
Table 9 indicates the relationships between subjective quality analysis and 
instrumental color measures, V~iTHC, and WBS. There was a highly negative correlation 
between both NPB and JCS color scores and Hunter L* values (r = -0.734 and —0.693, 
respectively). Hunter b* values were also correlated to both subjective color scores, but a* 
values were only related to JCS. Firmness and wetness values were also related to all three 
Hunter values, but marbling was not. All five subjective quality variables were significantly 
correlated to drip loss at both postmortem times. Purge loss in the sirloin was only related to 
JCS scores. Marbling and subjective color analysis was unrelated to WBS measurements at 
any time postmortem. Firmness and wetness values were only correlated to WBS values at 5 
d postmortem. 
Prediction of ultimate pork quality 
To determine the predictive value of postmortem carcass measurements, stepwise and 
R-square regression were used. For quality analysis in the LD, only those measurements 
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taken on the LD were utilized. Likewise, only measurements taken on the SM and BF were 
used for analysis for quality prediction in the ham. TimeeV1S was also used as a prediction 
variable in all of the models. 
Color 
Using stepwise regression, pHo.,s was included in the models to predict Hunter L* and 
a* values in the LD (Table 10). Combined with T4, pHo,s accounted for 35.7% of the 
variation in L* values in the LD. Measurements of pH were much more important for 
explaining variation in L* values than temperature. Using R-square regression analysis, all 
five pH measurements more accurately explained L* values than any of the temperature 
measurements (data not shown). pHo,s was the only significant variable predicting a* values 
in the LD, explaining 21.3% of the variation alone. The most variation (16.4%) in LD b* 
values was explained by pH6. In the final regression model, however, pH6 was removed. The 
final model explained 47.2% of the variation in b* values and included Tu, To.,s, pH~.,s, pHu,
and To. In the ham, Hunter color measurements were more dependent on later pH 
measurements than those in the LD. This is probably due to more variation in pHu in SM and 
BF than the LD (Table 1). pHu in the SM explained 23.5% of the variation in SM L* values 
(Table 11). SM pHo,s combined with BF pHu accounted for 20.6% of the variation in BF L* 
values. The final model for both a* values in the two ham muscles included SM pH6 and SM 
To,s. TimeeV1S entered into the models for both b* values in the SM and BF. The relationship 
between TimeeY1s and every postmortem carcass and quality measurement was examined. 
Table 12 only depicts the correlations between TimeeV1S, wBS values, and Hunter color 
measurements in the ham. These measurements were the only attributes that showed a 
significant relationship to TimeeV1S. Therefore, TimeeV1S was not correlated to pH, temperature, 
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subjective analysis, V~i~HC, or proteolysis. TimeeV1S explained 8.8 and 10.1 % of the variation 
in b* values in the SM and BF, respectively. In both eases, b* values were influenced the 
most by pHu. 
Table 13 reports the stepwise regression models far color in the LD when analysis of 
troponin-T and desmin degradation were allowed to enter into the stepwise regression 
models. Before analysis, it was assumed postmortem protein degradation would not 
influence pork color. Troponin-Ts, however, was included in the L* model and Desmini was 
the first variable to enter the b* model. The model for a* values remained unchanged from 
the previous model, which excluded protein degradation. Because measures of protein 
degradation were significant indicators of the variation in L* and b* values, the correlation 
between degradation and color was examined. LD L* values were significantly correlated (P 
< 0.05) to troponin-TS (r = -0.319), troponin-T, (r = -0.260), Desmin, (r = 0.290), and 
Desmins (r = 0.332), but not Desmin, (r = 0.239, P = 0.058). Similarly, b* values were 
significantly correlated (P < 0.01) to all measures of protein degradation, with the greatest 
correlation to Desminl (r = 0.435). At first it may appear this is due to the high correlation 
between b* values and pH, but pH was not correlated to protein degradation in the present 
study (Table 2). Therefore, it appears samples with the greatest protein degradation also had 
the darkest, most yellow colored Lean. 
Water-holding capacity and Warner-Bratzler shear force values 
As a result of the relative ease of measurement, subjective analysis was added to 
determine the predictive value of these attributes on WHC and WBS because subjective 
evaluation is often applied in commercial facilities. Firmness alone accounted for 38.1 and 
30.9% of the variation in Drips and Drips, respectively. Marbling explained 26.1 and 28.1 % 
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of the variation in Dripl and Drips, respectively. The effect marbling has on '~i~HC is likely 
caused by higher lipid contents in meat would result in a lower percentage of water within 
the meat leading to less water being lost on a percentage basis. It is interesting to note that 
all five subjective measurements were among the top ten single variables through R-square 
analysis (data not shown), which explained the variation in drip loss even though very little 
variation in subjective measures existed between samples (Table 1). Subjective analysis may 
be a very important tool to aid in the selection of pork for premium programs based on V~i~HC. 
Temperature appears to be an important indicator of purge loss, as T6 was the single trait that 
explained the greatest variation in purge loss in the sirloin, SM, and BF. 
TimeeV1S explained 3.6, 9.2, 3.2, and 8.0% of the variation in wB S 1, WB S3, wB Ss, and 
WBS,, respectively. It appears TimeeV1S plays a small, but limited role in meat tenderness and 
the correlations between TimeeV1S -and WB S values are shown in Table 12. Table 13 reports 
the results when postmortem degradation of desmin and troponin-T were allowed to enter the 
stepwise regression model. The models for Drips and Drips were unchanged from the 
previous model. Desmini alone explained 24.1 % of the variation in purge loss of the sirloin. 
Desmin degradation also appeared in each model for wBS. It explained between 5.0 and 
8.5% of the variation in WBS values among the four storage days. Unlike previous studies, 
troponin-T degradation was not an indicator of tough or tender meat (MacBride &Parrish, 
1977; Rowe, Huff-Lonergan, &Lonergan, 2001). Degradation of desmin and troponin-T 
appears to be affected the most by temperature and instrumental color analysis (Table 14). T4
alone explained 30.4% of the variation in Desminl through R-square analysis. The 
appearance of Hunter values in the regression equations for protein degradation is probably 
related to pH differences in the samples. 
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Discussion 
Early postmortem pH measurements were the most important for predicting color in 
the LD, while later measurements were more important for the ham in this data set. For this 
reason, a pH measurement on the slaughter floor (< 45 min) would be used for color 
prediction in the LD and pH measurements on the fabrication floor (24 h) would be used for 
color prediction in the ham. All three Hunter values had a negative correlation to pH in the 
LD and SM. It is interesting that a* values had a negative correlation with pH at every time 
point. Therefore, samples with a pale color actually had higher a* values than those samples 
with darker color in this study. This may be due to decreased activity for the enzymes 
involved in oxygen utilization, resulting in improved color stability (Renerre, 1999) and 
higher a* values in samples with a rapid pH decline. 
L* and a* values are affected equally by the content of heme pigments and the forms 
of myogobin present, while b* values are not influenced by pigment content (Lindahl, 
Lundstrom & Tornberg, 2001). Low pH values lead to increased denaturation of myoglobin 
in meat. Zhu and Brewer (2002) reported a significant amount of myoglobin denaturation 
occurred at pH values below 5.6. As pH increases so does the ability of myoglobin to remain 
thermally stable. Zhu and Brewer (2002) stated when pH values are below 6.5 and the 
temperature is less than 50 °C (conditions found in postmortem muscle), myoglobin 
denaturation is caused solely by lowering pH values. In agreement with Zhu and Brewer 
(2002), pH was much more important in the present study for prediction of color than 
temperature. Prediction equations can be slightly enhanced by the addition of an early 
postmortem temperature measurement. 
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Paleness in meat is due to refraction (Swatland, 2002) and light scattering (Offer, 
Jeacocke, Almond, Cousins, Elsey, Parsons, Sharp, Starr & Purslow, 1989). Light scattering 
is caused by the formation of gaps between muscle fibers. Postmortem shrinkage of the 
myofibrils creates the gap formation (Offer and Cousins, 1992). Postmortem degradation of 
myofibrillar proteins involved in maintaining structural integrity of the muscle cytoskeleton 
could lead to a reduction in the spacing between fibers and overall light scattering. 
Therefore, the analysis of troponin-T and desmin degradation were used as indicators of 
overall proteolysis to predict color. It appears protein degradation may play a role in L* and 
b* values, but not a* values. Through R-square analysis, protein degradation (Desmin~) 
explained up to 10.3% of the variation in L* values (data not shown). Offer et al. (1989) 
stated that light scatter would be minimal if myofibrils were in contact with one another. 
That finding is not supported by the present data, as more intact desmin was associated with 
increased paleness (higher L* values). Warner, Kauffman, and Greaser (1997) found thin 
was degraded slower and nebulin was degraded quicker in PSE meat. Boles, Parrish, Jr., 
Huiatt, and Robson (1992) reported both thin and nebulin were degraded slower in samples 
from stress-positive pigs (PSE meat). This would support the present hypothesis that less 
postmortem protein degradation would lead to increased meat paleness. Further analysis 
needs to be conducted to examine the effectiveness of this hypothesis. 
Similar to Van Oeckel et al. (1999), Hunter color measurements in the LD were 
highly correlated to subjective appraisal of color. Subjective color is correlated to pHo.,s (Van 
Oeckel et al., 1999) and pH measurements up to 6 h postmortem in the present study. 
Similar to instrumental color, subjective analysis was not correlated to temperature. Similar 
postmortem biochemical events result in variation in color interpreted through both 
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instrumentation and subjective appraisal. The use of subjective analysis, therefore, could be 
a viable alternative when instrumental measurement is not an available option. 
R-square regression analysis showed subjective quality appraisal was mostly affected 
by pH values (data not shown). The best predictor of subjective color was pH~,s which 
explained 20.4 and 23.6% of the variation in NPB and JCS scores, respectively. None of the 
temperature measurements explained more than 6% of the variation in subjective color 
analysis. Similarly, the five most important variables explaining firmness and wetness were 
the pH values. pHo,s accounted for 20.9 and 27.2% of the variation in firmness and wetness 
values, respectively. 
Warriss and Brown (1987) and van Laack, Kauffman, Sybesma, Smulders and 
Pinheiro (1994) found a biphasic relationship existed between pHo,s and color. Below 6.1, 
pHo,s had a large impact on color, while above this value color was not significantly altered 
(Warriss &Brown, 1987). This point was found to be at pHo,s 5.9 by van Laack et al. 
(1994). ane could conclude from these studies that carcasses with pHo,s greater than 6.0 
would produce pork more appealing in color than those with values less than 6.0. Pork 
carcasses cannot be accurately assigned into quality groups when pHo,s ranges from 5.8 to 
6.3 (Kauffman et a1., 1993). This may be a result of separate postmortem events which 
influence color and WHC independently. Therefore, color (L* value) has been reported as an 
inadequate predictor of WHC (van Laack et al., 1994). This is especially true if a high 
proportion of the samples have RSE characteristics, caused by an abnormally low pHu. 
Significant correlations have been found between L* values, drip loss and cooking Loss 
(Huff-Lonergan et al., 2002). In the present study, Dripl, Drips, and sirloin purge loss were 
all significantly correlated to L* values. A rapid decline in pH early postmortem results in 
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myosin (Offer, 1991) and myoglobin denaturation (Zhu &Brewer, 2002). The denaturation 
of myosin will pull myofilaments closer together (Offer, 1991), resulting in increased gap 
formation between fibers. These gaps are the main location for postmortem water 
accumulation in meat (Offer, et al. 1989). Drip loss is related to the amount of extracellular 
space or the gaps between fibers (Schafer et al., 2002; Penny, 1977). Increased gap 
formation will result in greater reflectance and light scattering (Offer et al., 1989). 
Therefore, it should be concluded that WHC and color would be related in the absence of 
RSE conditions. Exudate in RSE meat is caused by the electrostatic attraction of proteins to 
one another instead of water molecules (for a review see Hamm, 1994). In the present study, 
L* values explained 26.9, 20.0 and 9.4% of the variation in Drip,, Drips and sirloin purge 
loss, respectively. 
Overall, the measures of drip loss and purge in the loin were affected differently by 
pH and temperature. Drip loss was negatively correlated to pH at every time point, while 
sirloin purge loss was only correlated to pH after 4 h postmortem (Table 2). Drip loss was 
only correlated to To, but sirloin purge was also correlated to temperatures after 4 h 
postmortem. When subjective analysis was excluded, LD pH6 was the most important factor 
for drip loss, explaining 35.4 and 28.7% of the drip loss after 1 and 5 d of storage. For purge 
loss in all three muscles, T6 was the mast important variable. Therefore, measurements of pH 
and temperature at 6 h appear to be the most important determinants of ~'VHC when 
subjective analysis was excluded. When subjective analysis was excluded, 55.1% of the 
variation in Dripi is explained by the combination of pH6, pHu, and L* and b* values (data 
not shown). With the inclusion of subjective quality appraisal, firmness and marbling scores 
can account for another 11.3% of the variation. After S d of storage, subjective analysis can 
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explain an additiona123.3% of drip loss variation, compared to the model that includes pH6, 
pHu and TimeeV1S• Another 10.7% of sirloin purge variation can be accounted for by the 
addition of marbling and JCS scores to T6 and pHu. Therefore, the addition of subjective 
quality analysis at 24 h postmortem to pH and temperature measures at 6 h will aid in 
predicting the V~►THC of meat. 
Honikel, Kim, and Hamm (1986) found a linear relationship existed between drip loss 
and the degree of sarcomere shortening in beef and pork muscle. The authors suggested the 
amount of water which accumulates in extracellular areas would be related to the degree of 
sarcomere shortening and fiber shrinkage during the onset of rigor. Kristensen and Purslow 
(2001) hypothesized that postmortem degradation of the muscle cytoskeleton through the 
removal of intermediate filaments and costameric connections would allow for an increase in 
V~iTHC during storage. This would allow water to move back into the myofibril from 
extracellular compartments or minimize the initial migration of water from the intracellular 
space. The authors found degradation of desmin and vinculin may help explain differences 
in V~iTHC of meat during storage. Rowe et al. (2001) found desmin degradation at d 5 was 
correlated to drip loss at 24 h postmortem. Sch" er et al. (2002), however, found drip loss 
was unaffected by the degradation of desmin and vinculin. In this study, samples were not 
analyzed after 1 d postmortem. In the present study, drip loss at either storage time was not 
correlated to desmin degradation at d 1 or d 5 (Table 8}. Desmin degradation at d 7 was 
correlated to drip loss at both storage times. It appears the length of storage for samples is 
important, as purge loss in the sirloin (stored for 7 d) was correlated to desmin degradation at 
every time point. A high proportion of desmin degradation early postmortem would allow 
water to slowly move intracellularly during storage. This would explain the significant 
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correlation between sirloin purge and desmin degradation at d 1 in the present study. When 
proteolysis was added to the stepwise regression models, desmin degradation explained 
24.1 % of the variation in purge loss in the sirloin. It was not a significant factor in 
explaining drip loss in meat which had been stored for shorter periods. Fluid in meat mainly 
moves parallel to muscle fibers (Offer and Knight, 1988) until it reaches a cut surface where 
it exudes from the meat. The percentage of drip lost from meat will vary depending on the 
size of the cut. A small piece of meat will have a larger ratio of the cut surface area in 
relation to weight of the meat compared to a larger piece with the same cut surface area. A 
larger piece will, therefore, lose a smaller amount of exudate on a percentage of weight basis. 
One could hypothesize in small meat pieces, the structural integrity of the muscle fibers 
would be less important than the electrostatic interactions between myofibrillar proteins and 
water induced by the pH of meat. In larger meat pieces, decreased structural integrity of the 
muscle fibers may allow for water to remain within the muscle. This might explain why 
desmin degradation was related to purge loss in the sirloin, but not drip loss from smaller 
chops of the LD. More studies need to be conducted to determine the impact proteolysis of 
cytoskeletal proteins has on V~iTHC throughout storage of meat. 
Previous studies have ignored tenderness as a quality variable when predicting quality 
through postmortem measurements (Kauffman et al., 1993; Schafer et al., 2002; van der Wal 
et al., 1995). Huff-Lonergan et al. (2002) found star probe measurements and subjective 
tenderness scores were significantly correlated to pHu. WBS3 was the only WBS 
measurement correlated to pH (any time point) in the present study (Table 2). Desmins was 
correlated to pHu, but no other correlations between protein degradation and pH were found. 
Desmin and troponin-T degradation have been shown to be related to WB S values (Rowe et 
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al., 2001). In the present study, temperature appears to be a more important indicator of 
tenderness and proteolysis than pH. To, T o , s , and T2 were not correlated to WBS or 
proteolysis, but at and following 4 h postmortem, several significant correlations were found 
between temperature, WBS and proteolysis (Table 5). When muscle undergoes a normal 
glycolytic rate, it is more susceptible to myosin denaturation than fast glycolysing muscles 
because of delayed chilling (Offer, 1991). Higher muscle temperatures at 4 h may have 
resulted in increased myosin denaturation. This denaturation can cause sarcomere shortening 
when the muscles enter rigor. Offer et al. (1989) reported PSE meat had sarcomeres half as 
long as normal meat. Sarcomere length is the most important attribute for predicting 
tenderness in the LD (wheeler et al., 2000). When the authors examined five major pork 
muscles (LD, SM, BF, triceps brachii, & semitendinosus), collagen content and desmin 
degradation did not affect tenderness when sarcomeres were less than 2µm. When greater 
than 2µm, sarcomere length, collagen content, and desmin degradation were all related to 
tenderness. 
Differences in sarcomere length caused by variation in temperature could explain the 
relationship between temperature and WB S, but not proteolysis. The collagen .content should 
be similar from samples originating from the same muscle. Therefore, it appears differences 
in WBS in this study are due to postmortem tenderization through proteolysis. Similar to 
Rowe et al. (2001), desmin degradation was correlated to WB S at several time points (Table 
8), but troponin-T was not correlated to WBS in the present study. Desminl was also not 
correlated to wBS at any aging period. Wheeler et al. (2000) reported desmin degradation 
explained 2b and 38% of the variation in sensory tenderness scores in the SM and BF. 
However, only 1 % of the variation in tenderness was accounted for by desmin degradation in 
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the LD (Wheeler et al., 2000). Under the conditions used in the present study, the 
degradation products of troponin-T were not detected in any of the samples at d 1 
postmortem and were excluded from the results. The intensity of the 30 kDa band has 
previously been shown to be limited after 1 d of aging (Lonergan et al., 2001). The 
appearance of the 28 and 30 kDa bands has not been prominently recognized until 7 and 14 d 
postmortem, respectively, in beef muscles (Huff-Lonergan et a1., 1996). The limited amount 
of proteolysis occurring early postmortem is likely the reason no relation was found between 
WBS, Desminl, and troponin-T degradation. 
The relationship between protein degradation and temperature of the LD is reported 
in Table 5. The positive relationship between Desminl and temperature indicates more intact 
desmin was detected at higher temperatures. The negative relationship for troponin-T 
indicates less degradation is found at higher carcass temperatures. These results suggest 
higher carcass temperatures inhibited overall proteolysis after 4 h postmortem. µ-calpain has 
been shown to degrade myofibrillar proteins during postmortem storage (Huff-Lonergan et 
al., 1996). Generally, higher temperatures result in greater µ-calpain activity (Kanawa, Ji & 
Takahashi, 2002; Koohmaraie, Schollmeyer & Dutson, 1986) and autolysis (Koohmaraie, 
1992). Autolysis lowers the calcium requirements for µ-calpain to become active (Kapprell 
and Goll, 1989). In the present study, higher temperatures possibly resulted in earlier 
autolysis and activation of µ-calpain. If higher temperatures were maintained during storage, 
µ-calpain could have lost activity over time as it was autolyzed more quickly. Less 
degradation was found in samples with higher temperatures, but this relationship did not exist 
until 4 h postmortem. If degradation is mainly caused by the calpain system, it appears that 
either µ-calpain was, less active or calpastatin (µ-calpain inhibitor) was more active at higher 
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temperatures. Rhee and Kim (2001) found bovine samples held at 30 °C had a significantly 
lower µ-calpain and calpastatin activity than samples held at 2 °C. Further analysis needs to 
be conducted to determine the specific effects temperature has on µ-calpain and calpastatin in 
this study. The effect temperature had on µ-calpain activity is likely the cause for the 
relationship between WB S, proteolysis, and temperature after 4 h postmortem. 
As shown in Table 10, temperature and TimeeV1S are the most important factors used in 
the prediction of wBS values. TimeeV1S did not explain more than 10% of the variation in 
WBS at any time point, but it should be concluded that TimeeV1S can have a small impact on 
tenderness. Previous authors have reported that TimeeV1S can negatively impact color and drip 
loss (D'Souza, Dunshea, warner & Leury, 1998; Eldridge, Ball &Knowles, 1993). 
However, the effect TimeeV1S has on tenderness has not previously been studied. In previous 
studies, the impact TimeeV1S had on quality may be due to differences in chilling, as a constant 
time was not maintained for all carcasses entering into the cooler. In the present study, time 
into the cooler was constant across all carcasses and TimeeY1S played a limited role in the 
prediction of quality. Minimizing the Timee,~s should also allow carcasses to enter the cooler 
at an earlier time point, resulting in an overall improvement in meat quality. 
The inclusion of protein degradation significantly increased the prediction value of 
the stepwise equations for WBS (Table 13). Each equation included a measurement of 
temperature and degradation of desmin. Timee~S was also still a valuable predictive variable 
for WBS3 and WBS,. The present data implies monitoring temperature will be more 
important for predicting WB S than pH in a production setting. 
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Conclusions 
The purpose of the present study was to identify postmortem carcass attributes and 
time points that are the most important for predicting color, wHC, and tenderness in pork 
when the samples were generated under circumstances similar to conditions within 
commercial operations. These measurements and their corresponding time points can be a 
useful tool for harvest facilities when problems in quality attributes arise. The importance of 
protein degradation on WHC and tenderness was also investigated. Early pH measurements 
(45 min) appear to be the most useful tool far color analysis in the LD, while late pH 
measurements (24 h) are a more accurate predictor of ham color. Also, paleness and 
yellowness of meat appears to be related to postmortem degradation of myofibrillar proteins. 
For V~i~HC, pH and temperature measurements at 6 h are the most important factors 
influencing drip and purge loss. Temperature is a much more important predictor of purge, 
while pH explains a greater proportion of the variation in drip loss. The addition of 
subjective quality appraisal aids in the determination of the V~iTHC in meat. In this study, 
tenderness and protein degradation were unrelated to pH, but temperature, especially after 4 
h postmortem, appears to be an important factor for both. Desmin degradation plays a role in 
V~iIHC, especially with large sample sizes and when samples are aged for prolonged periods. 
In the present study, WB S was unaffected by troponin-T degradation, but was related to 
desmin proteolysis. 
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Table 2 
Pearson correlations between pH of the longissimus dorsi (X) and dependent variables (Y}. 
Dependent 
Variable 
LD 
pHo_,s LDpH2 a LD pH4 a LD pH~a LD pH~a 
LD L*b
LD a*b
LD b*'~ 
Drip, 
Drips 
Sirloin Purged
~I' 1' 1)Sl
e
~S 3
e
!' ~' D~ S
e
11' ~' DS~
e
Desminif
Desmin$f
Desmin,` 
Troponin-T5f
-0.547 * * -0.3 81 * * -0.429 * * -0.460 * * -0.25 2 
-0.461 * * -0.3 86 * * -0.442* * -0.445 * * -0.274* 
-0.379** -0.268* -0.335** -0.335** -0.368** 
-0.524* * -0.467 * * -0.597 * * -0.597 * * -0.447 
-0.398** -0.395** -0.499** -0.539** -0.423** 
-0.15 5 -0.231 -0.256 * -0.318 * * -0.263 
-0.169 -0.175 -0.069 0.051 0.022 
-0.205 -0.052 -0.031 0.169 -0.267* 
-0.229 -0.170 -0.18 8 0.05 3 -0.131 
-0.095 -0.030 -0.044 0.097 -0.114 
-0.034 -0.069 -0.081 -0.177 -0.239 
-0.078 0.131 -0.148 -0.122 -0.30?* 
-0.066 0.091 -0.163 -0.157 -0.112 
0.025 -0.07 8 -0.034 0.07 8 0.13 2 
Troponin-T,f 0.087 0.054 0.094 0.124 0.105 
* Significant correlation between X and Y variables at the P < 0.05 level. 
* * Significant correlation between X and Y variables at the P < 0.01 level. 
ePostmortem pH at 45 min (pHa,s}, 2 (pH2), 4 (pH~}, 6 (pH6), and 24 (p~,) h. 
bHunter color values for the longissimus dorsi at 24 h postmortem. 
Drip loss measured on LD chops after 1 and 5 d of storage. 
Purge loss measured on the sirloin after 7 d of storage. 
eWarner-Bratzler Shear force values determined at 1, 3, 5, and 7 d postmortem. 
fMeasurement of the degradation of desmin and troponin-T at 1, 5, and 7 d postmortem. 
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Table 3 
Spearman rank correlations between pH of the longissimus dorsi (X) and subjective dependent quality measures 
(Y) 
Dependent 
variable LD pHQs~~ LD pH2a LD pH4a LD pH6a LD pH~e 
NPB colorb 0.443 * * 0.263 * 0.353 * * 0.508 * * 0.113 
JCS colorb 0.450* * 0.314* 0.403 * * 0.497 * * 0.191 
Wetness 0.527** 0.453** 0.524** 0.544** 0.416** 
Firmness 0.456** 0.406** 0.505** 0.530** 0.410** 
* Significant correlation between X and Y variables at the P < 0.05 level. 
* * Significant correlation between X and Y variables at the P < 0.01 level. 
$Postmortem pH at 45 min (pHo,$), 2 (pH2), 4 (pH,~, 6 (pH~), and 24 (pHu) h. 
bNPB and JCS color scores are based on a 1 {pale) to 6 (dark) scale. 
Firmness and wetness values are based on a 3-point scale (1 =soft, wet; 3 =firm, dry) . 
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Table 4 
Pearson correlations between pH (X) of the ham and dependent variables (Y). 
Dependent 
Variable SM pHa.,~a SM pH2a SM pH48 SM pH~a SM pH„a BF pH~a 
SM L*b -0.170 -0.086 -0.131 0.194 -0.463 * * -0.424* 
SM a*b -0.051 -0.010 -0.399* * -0.432* * -0.354* * -0.346* 
SM b*b -0.122 -0.130 -0.450** -0.533** -0.627** -0.579** 
BF L*b -0.375 * * -0.340* * -0.157 -0.15 8 -0.213 -0.248 
BF a*b -0.076 -0.021 -0.3 82 * * -0.422 * * -0.314* -0.277 
BF b*b -0.211 -0.137 -0.309* -0.334** -0.414** -0.429** 
SM Purge` -0.128 -0.164 -0.315* -0.276* -0.168 -0.036 
BF Purge` -0.283* -0.270* -0.281 * -0.349** -0.282* -0.195 
* Significant correlation between X and Y variables at the P < 0.05 level. 
** Significant correlation between X and Y variables at the P < O.OI level. 
$Postmortem pH of the semimembranosus (SM) at 45 min (pHo,$), 2 (pH2), 4 (pH4), 6 (pH6), and 24 (pHu) h and 
the biceps femoris at 24 (pHu) h. 
bHunter color values for the semimembranosus (SM) and biceps femoris (BF) at 24 h postmortem. 
Purge loss measured on the semimembranosus (SM) and biceps femoris (BF) after 7 d of storage. 
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Table 5 
Pearson correlations between temperature of the longissimus dorsi (X) and dependent variables (Y). 
Dependent 
variable LD TQa LD T Q_,s LD TZa LD T4 LD Tba LD T, 
LD L*b
LD a*b
LD b*b
Dripl~ 
Drips 
Sirloin Purged
~~' DS i
e
,~S 3
e
`~~~ $e 
`~~ S'e 
Desmin1f
Desmin~f
Desmin,f
Troponin-T5f
0.183 -0.122 -0.167 0.146 0.063 0.060 
-0.010 -0.122 -0.017 -0.007 -0.026 0.074 
-0.086 -0.284* -0.197 0.094 -0.017 0.354** 
0.347** 0.035 0.013 0.063 0.066 -0.000 
0.329* * 0.040 -0.000 0.171 0.189 0.201 
0.316* 0.148 0.005 0.346** 0.426** 0.361** 
0.041 -0.052 0.017 -0.256* -0.222 -0.301 * 
-0.029 -0.023 -0.052 -0.095 -0.209 -0.082 
0.124 -0.038 -0.131 -0.336** -0.411** -0.301* 
0.149 -0.179 -0.070 -0,056 -0.13 8 -0.242 
0.059 -0.075 0.090 0.543 * * 0.457 * * 0.493 
0.087 -0.047 0.011 0.167 0.164 0.197 
0.128 -0.030 -0.047 0.205 0.244 0.259* 
0.056 -0.001 -0.003 -0.313 * -0.3 $0* * -0.471 
Troponin-T,f 0.059 0.020 -0.060 -0.205 -0.13 8 -0.274* 
* Significant correlation between X and Y variables at the P < 0.05 level. 
* * Significant correlation between X and Y variables at the P < 0.01 level. 
~'I'emperature measured immediately after scalding (To) and at 45 min (To,$), 2 (T2), 4 (T4), 6 (T6), and 24 (Tu) h 
postmortem. 
''hunter color values for the longissimus dorsi at 24 h postmortem. 
Drip loss measured on LD chops after 1 and 5 d of storage. 
Purge loss measured on the sirloin after 7 d of storage. 
eWarner-Bratzler Shear force values determined at 1, 3, 5, and 7 d postmortem. 
`Measurement of the degradation of desmin and troponin-T at 1, 5, and 7 d postmortem. 
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Table 6 
Spearman rank correlations between temperature of the longissimus dorsi (X) and subjective dependent quality 
measures (Y) . 
Dependent 
variable
NPB color$ 
JCS color$ 
Wetnessb
Firmnessb
LD Toa LD T~.,Sa LD T2a LD T4a LD T6a LD Tu$ 
-0.218 -0.065 0.134 -0.195 -0.203 -0.203 
-0.152 -0.036 0.183 -0.157 -0.109 -0.229 
-0.343 * * -0.213 0.096 0.150 0.301 * 0.016 
-0.274* -0.050 0.040 0.028 0.226 -0.134 
* Significant correlation between X and Y variables at the P < 0.05 level. 
** Significant correlation between X and Y variables at the P < 0.01 level. 
8T'emperature measured immediately after scalding (To) and at 45 min (Ta,s}, 2 (T2), 4 (T4), 6 (T6), and 24 (Tu) h 
postmortem. 
~NPB and JCS color scores are based on a 1 (pale) to 6 (dark) scale. 
`Firmness and wetness values are based on a 3-point scale (1 =soft, wet; 3 =firm, dry). 
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Table 7 
Pearson correlations between temperature (X) of the ham and dependent variables (Y). 
Dependent 
Variable 
SM L*b
5M a*b
5M b*b
BF L*b
BF a*6
BF b*b
SM Purges 
BF Purge 
SM TQ,~$ SM TZa 5M T4a SM T6a SM Tu BF Tua 
0.101 0.019 -0.047 -0.018 -0.068 -0.010 
-0.270* 0.041 0.005 0.011 0.185 0.258* 
-0.063 0.130 0.144 0.126 0.236 0.268* 
-0.141 0.044 0.024 -0.019 -0.025 -0.044 
-0.175 -0.021 -0.204 -0.144 0.012 0.120 
-0.160 0.055 0.025 -0.064 0.058 0.139 
0.292* 0.200 0.131 0.420* * 0.157 -0.005 
0.273 * 0.211 0.268 * 0.468 * * -0.049 0.007 
* Significant correlation between X and Y variables at the P < 0.05 Ieve1. 
** Significant correlation between X and Y variables at the P < 0.01 level. 
8T'emperature of the semimembranosus (SM) and biceps femoris (BF) at 45 min {To,$), 2 (T,), 4 (T4), 6 (T6), and 
24 (T~) h postmortem. 
bHunter color values for the semimembranosus (SM) and biceps femoris (BF) at 24 h postmortem. 
°Purge loss measured on the semimembranosus (SM} and biceps femoris (BF) after 7 d of storage. 
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Table 9 
Spearman rank correlations between subjective quality measures of the longissimus dorsi (X) at 24 h 
postmortem and dependent variables (Y). 
Dependent 
variable 
LD L*d
LD a*d
LD b*d
Driple 
Drip~e 
Sirloin Purgef
1'Y ~5 1
~ 
~S 3
g
~' Y DS S
g
~' ~' D S i g
NPB JCS 
color$ colors Firmnessb wetnessb Marbling 
-0.734* * -0.693 * * -0.453 * * -0.461 * * -0.051 
-0.125 -0.304* -0.293* -0.360** -0.031 
-0.454** -0.577** -0.432** -0.384** 0.038 
-0.448** -0.432* -0.553** -0.578** -0.531 ** 
-0.390** -0.327** -0.483** -0.425** -0.561** 
-0.237 -0.293* -0.098 -0.101 -0.234 
0.097 0.15 6 -0.015 0.112 -0.116 
0.079 -0.063 -0.079 -0.114 -0.181 
0.007 -0.106 -0.246* -0.281 * -0.132 
0.078 -0.007 0.06? 0.029 -0.174 
* Significant correlation between X and Y variables at the P < 0.051evel. 
** Significant correlation between X and Y variables at the P < 0.01 level. 
aNPB and JCS color scores are based on a 1 (pale) to 6 (dark) scale. 
`firmness and wetness values are based on a 3-point scale (1 =soft, wet; 3 =firm, dry) 
Marbling scores are correlated to the amount of intramuscular Lipid. 
dHunter color values for the longissimus dorsi at 24 h postmortem. 
eDrip loss measured on LD chops after 1 and 5 d of storage. 
fPurge loss measured on the sirloin after 7 d of storage. 
gwarner-Bratzler Shear force values determined at 1, 3, 5, and 7 d postmortem. 
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Table 10 
Stepwise regression models of the explained variance in dependent variables in the longissimus dorsi by 
measurements taken on the slaughter floor. 
epentle~~t ~'ariubles '~'ariabes Pa~•tia~ ~~~e 
'~~aria ble step ~ n~ered :~e~noved :l:nter~ept ~~;stirnu~:e Iiµ ~~ 
* 1 LD pHo.,s - 8.247 0.3 04 LD L 2 102.705 0.357 LD T¢ 0.353 0.053 
LD a* 1 LD pHo.s 19.044 -2.542 0.213 0.213 
LD b* 
1 LD pH6
2 LD T u 
3 LD To.,s 
4 LD pHo ,s 
5 
6 LD pHu
7 LD T~ 
LD pH6
0.164 
0.989 0.103 
-0.211 0.092 
85.383 -2.896 0.045 0.472 
0.015 
-3.493 0.042 
-0.673 0.040 
1 Firmness -0.748 0.381 
2 LD pH6 -3.279 0.129 
Drips 3 Marbling 11.576 -0.832 0.089 0.664 
4 LD pH2 1.325 0.037 
5 LD L* 0.074 0.028 
1 Firmness -0.988 0.309 
2 Marbling -1.120 0.142 
Drips 3 LD T6 27.5 81 0.167 0.122 0.647 
4 JCS -0.636 0.040 
5 LD pH„ -3.602 0.034 
1 LD T6
Sirloin 2 LD pHu
Purge 3 Marbling 
4 JCS 
21.823 
0.254 
-3.343 
-0.627 
-0.655 
0.191 
0.079 
0.051 
0.056 
0.377 
wBSI 1 LD Tu 3.876 -0.353 0.088 0.088 
wB S3
1 TimeeV1S
2 LDpH 
3 LDpH6
4 LD pH~15
13.936 
0.044 
-2.435 
2.181 
-1.668 
0.092 
0.056 
0.071 
0.175 
0.394 
WB SS 1 LDT6 4.679 -0.108 0.166 0.166 
WBS, 1 TimeeV1S 1.901 0.062 0.080 0.080 
Table 11 
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Stepwise regression models of the explained variance in dependent variables located in the ham by 
measurements taken on the slaughter floor. 
~'ariu~e Step 
~.uccpe~~ €~~.t 
'~~ariaie~ I u te~ee~t ~~li ~a to .~ ~ R~ 
SM L* 1 SM pHu 104.159 -9.381 0.235 0.235 
SM a* 1 SM pH62 SM To,$ 46.022 
-5.043 
-0.318 
0.193 
0.089 0.282 
SM b* 
1 SM pHu
2 TimeeV1S
3 SM pH4
61.151 
-5.746 
-0.106 
-1.809 
0.426 
0.05 5 0.541 
0.060 
BF L* 1 SM pHo.,s2 BF pHu 132.412 
-4.831 
-8.820 
0.103 
0.103 0.206 
BF a* 1 SM pH62 SM T~.,S 40.310 
-3.817 
-0.321 
0.115 
0.094 0.209 
BF b* 1 BF pHu2 TimeeY1S 48.153 
-5.056 
-0.120 
0.211 
0.063 0.274 
SM Purge 1 SM T6 -0.062 0.200 0.175 0.175 
BF Purge 
1 SM T6
2 BF pHu
3 SM pH2
4 SM T u 
30.260 
0.358 
-4.071 
-1.369 
-0.818 
0.217 
0.083 
0.074 
0.063 
0.437 
166 
Table 12 
Spearman rank correlations between time to the start of evisceration and Warner-Bratzler shear force values in 
the longissimus dorsi and Hunter color values in the semimembranosus (SM) and biceps femoris (BF). 
Dependent 
Variables Time . b 
WB51~ 0.213 
WB53~ 0.279$ 
WBSS~ 0.172 
WBS,` 0.252a
5M Lid -0.151 
SM a*d -0.154 
5M b*d -0.315$ 
BF L'~d -0.127 
BF a*d -0.153 
BF b*d -0.2938a Significant correlation between X and Y variables at the P < 0.05 level. 
~'I'ime elapsed from sticking until initiation of evisceration. 
Warner-Bratzler Shear force values determined at 1, 3, 5, and 7 d postmortem. 
bHunter color values for the semimembranosus (SM) and biceps femoris (BF) at 24 h postmortem. 
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Table 13 
Stepwise regression models of the explained variance in dependent variables in the longissimus dorsi by 
measurements taken on the slaughter floor and postmortem protein degradation. 
~epen~e~~~ :I.~~►epe~xcl~nt ~a~rti~l :~~c~del 
~f Friable ~te~ ~'~~•iab~es ln~ercept ~;stirnales ~ .fit 
* 1 LD pH075 -7.723 0.304 LD L 2 105.531 0.390 Troponin TS -2.440 0.056 
LD a*a 1 LD pHo,s 19.044 -2.542 0.213 0.213 
LD b* 
1 Desm~ini
2 LD pHo.,s
3 LD To
4 LD T ,~ 
69.525 
1.453 
-3.201 
-0.916 
0.633 
0.191 
0.140 
0.082 
0.045 
0.448 
1 Firmness -0.748 0.3 81 
2 LD pH6 -3.279 0.129 
Drip~a 3 Marbling 11.576 -0.832 0.089 0.664 
4 LD pH2 1.325 0.037 
5 LD L* 0.074 0.028 
1 Firmness -0.98 8 0.309 
2 Marbling -1.120 0.142 
Drip$$ 3 LD T6 27.5 81 0.167 0.122 0.647 
4 JCS -0.636 0.040 
5 LD pH„ -3.602 0.034 
Sirloin 
Purge 
1 Desminl 2.523 ~ 0.241 
2 LD To -35.011 0.971 .0.082 0.367 
3 TimePv;~ -0.091 0.044 
1 LD Tu -0.331 0.088 
wB S 1 2 Desmins 4.522 0.751 0.084 0.222 
3 LD T4 -0.071 0.050 
1 Desmin$ 0.809 0.096 
WBS3 2 TimeeV1S 2.356 0.054 0.086 0.250 
3 LD T~ -0.062 0.068 
1 LD T6 -0.108 0.166 
WB SS 2 Desmin, 4.807 1.122 . 0.131 0.347 
3 LD Tu -0.339 0.050 
1 TimeeY1S 0.048 0.080 
WBS, 2 Desmin, 2.716 0.974 0.068 0.234 
3 LD Tu -0.~1 ~ ~I 0.086 
a Model unchanged from previous model that excluded protein degradation . 
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Table 14 
Stepwise regression models of the explained variance in postmortem protein degradation by measurements 
taken on the slaughter floor. 
l~epen~~~t 
~'~'ariabl+e 
Troponin-TS
~~e
1 
2 
3 
I_ndepe~~.c~ent 
~a.~-ia byes 
LD Tu
LD L* 
Firmness 
~'~rti;~ :~~.~~c1e 
Inte~-ce~~►~ ~~~tin~~te I~' ~~` 
-0.353 0.218 
4.248 -0.049 0.080 0.346 
-0.233 0.048 
Troponin-T, 1 LD b* 1.767 -0.084 0.088 0.088 
Desmin 1
1 LD T4
2 LD b* 
3 LD T~ 
-1.377 
0.060 
0.065 
0.135 
0.304 
0.140 0.490 
0.046 
Desmins 1 LD b* -0.670 0.077 0.147 0.147 
Desmin, 1 LD b* 2 LD T6 -0.759 
0.066 
0.024 
0.113 .173 0.06 0 0 
lb9 
GENERALS RY 
Pork quality attributes are significantly impacted by the rate and extent of the decline 
in postmortem pH and temperature. The relationship between pH and temperature can be 
influenced by various pre and post-harvest conditions. Post-harvest, an increase in the 
scalding duration may lead to a more rapid postmortem metabolism and decreased meat 
quality. In the present experiment, a trend was found for longer scald durations to result in 
lower pH values in the longissimus early postmortem. Ultimate pH, temperature 
measurements, and overall meat quality, however, were unaffected by scald time. 
Color and subjective appraisal of pork appears to be affected the most by variation in 
pH values. A relationship was shown between postmortem protein degradation and pork 
color. I believe that this relationship has not previously been reported. Degradation of 
myofibrillar proteins will reduce the postmortem gap formation between muscle fibers, 
resulting in decreased light scattering and darker lean color. 
Drip loss is influenced more by pH while purge loss is influenced more by 
temperature measurements. For both attributes of water-holding capacity, it appears 
measurements taken at b hours postmortem are the most important for explaining the 
variation in drip and purge loss. Overall, the addition of subjective analysis will aid in the 
prediction of water-holding capacity in pork. Degradation of desmin, an intermediate 
filament protein, also appears to influence purge loss. Degradation of desmin will allow 
more water to exist intracellularly than when desmin remains in its intact form. Postmortem 
degradation of desmin may be especially important for water-holding capacity considerations 
in large meat pieces stored for prolonged periods. 
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Tenderness and proteolysis appear to be influenced by postmortem carcass 
temperature, especially temperatures taken after four hours postmortem. Higher 
temperatures may lead to increased autolysis and earlier activation of µ-calpain. If 
temperatures remain high during chilling, µ-calpain may become completely autolyzed and 
the activity will be decreased during storage. This would result in decreased tenderness and 
proteolysis. Time to evisceration also appears to play a role in influencing meat tenderness. 
Time to evisceration can be minimized through a reduction in dwell and scald times. 
A three minute dwell time should allow for maximal capture of blood at exsanguination, 
without having detrimental effects on quality. By maintaining minimum dwell and scald 
times, carcasses will enter into the cooler earlier postmortem. When time into the cooler is 
not varied between carcasses, dwell and scald times (and time to evisceration) have a limited 
role in impacting meat quality. Further analysis needs to be conducted to determine the 
effects of extended scalding periods, in conjunction with later entry into the cooler, on pork 
quality. 
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